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ABSTRACT
Rehabilitative Movement Approaches and Dance Interventions in Parkinson’s Disease

By

Cecilia Fontanesi

Advisor: Dr. John H. Martin
The scope of this work is to address the functional deficits and symptoms experienced by
those living with Parkinson’s Disease through movement interventions.
Chapter 1 offers a brief overview of current pharmacotherapy and rehabilitation approaches in
Parkinson’s, focusing on dance in particular as a movement intervention that may be particularly
suited to this population.
Chapter 2 focuses on brain plasticity and motor learning in PD, reporting the effects of rTMS
applied after the acquisition of a motor skill. In this study, adaptation tested in patients with PD was
comparable in the sham and TMS sessions, while retention indices tested on the following day were
significantly lower in the sham compared to the TMS session in which retention indices were
restored to the level of the controls.
Chapter 3 explores biological markers that can be measured as proxies of brain plasticity, which
may be affected by an intensive rehabilitation treatment including aerobic exercise, physical and
occupational therapies. We tested whether exercise could improve motor function while also
enhancing BDNF-TrkB signaling in lymphocytes. After MIRT, all patients showed improvement in
motor function, TrkB interaction with NMDAR and BDNF-TrkB signaling.

iv

Chapter 4 explores mechanisms that may explain the efficacy of dance interventions on
Parkinson’s symptoms. Internal and external cueing strategies, as well as affective and cognitive
changes influence the manifestation of motor symptoms. Importantly, plasticity-enhancement
though dance may be involved in the improvements of PD symptoms following dance practice.
Chapter 5 presents a novel study in which the effects of dance in PD are compared to those of an
exercise intervention of matched intensity, but lacking dance elements such as music, metaphorical
language, and social reality of grace and beauty. This study shows changes in physiology, affect,
self-efficacy and motor performance.
Chapter 6 summarizes all these findings while tracing a link between studies on neuroplasticity,
exercise-based rehabilitation in PD, and the role of dance in affecting motor performance through
mechanism of motivation and modulation of attention.
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CHAPTER ONE

Introduction
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1.1.

Overview

In order to provide context to the work presented in this manuscript, this chapter offers a brief
overview of basic neurophysiology of PD, as well as the current pharmacotherapy and rehabilitation
approaches in Parkinson’s, focusing on dance in particular as a movement intervention that may be
particularly suited to this population.
Parkinson’s disease (PD) is a neurodegenerative disease that causes a progressive disability, with
symptoms like slowness of movement, rigidity, gait issues, postural instability, and tremor (Hess
and Hallet, 2017). These motor symptoms are due to functional alterations in the basal ganglia
circuits (Wu et al., 2012), as well as other functional changes in the cerebellum (Wu and Hallet,
2013; Helmich et al., 2012) and thalamus (Patel et al., 2014). Non-motor symptoms like sleep
disturbance, speech impairment, pain, fatigue, constipation, anxiety, and depression have profound
impact on the quality of life of patients with PD (Martinez-Martin et al., 2011). Parkinson’s
progressive impairment generates a great need for personal assistance and health care services,
while diminishing community participation, creating physical distress and isolation, and constituting
a psychological and financial burden not just for the patients, but also for the families, caregivers,
and society at large (Gumber et al., 2019).
At present, there is no cure for PD, thus pharmacological treatment is the most common therapeutic
option, although no drug has yet demonstrated neuroprotective action nor beneficial effects on
symptoms like tremor, balance and postural instability (Fabbri et al., 2020). Further, currently
available surgical interventions, like deep brain stimulation, promise potential benefits (Paff et al.,
2020) paralleled by significant side-effects, which range from functional (e.g., verbal fluency
deterioration) (Mossner et al., 2020) to personality changes (Thomson et al., 2020) that should be
carefully weighed.
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Importantly, evidence in patients and animal models of PD has suggested that exercise might have
more general effects on neuroprotection, neurorestoration, neurogenesis and neuroplasticity
(Petzinger et al., 2013). In particular, movement-base rehabilitation interventions (Frazzitta et al.,
2015b) can produce a general improvement of Unified Parkinson's Disease Rating Scale (UPDRS)
scores with a reduction of daily medication in the course of a two-year follow-up (Frazzitta et al.,
2015b). These changes seem to be long lasting and show that movement-base rehabilitation
interventions may slow down the progression of motor symptoms, reducing the need for an
incremental drug dosage overtime. In parallel to these findings, there are preliminary indications
that dance can be disease modifying over 3-years using UPDRS scores as a clinical marker
(DeSouza and Bearss, 2018).
1.2.

Nigrostriatal and Dopaminergic Pathways

Neuroanatomical post-mortem inspection in PD reveals a substantial loss of pigmented
dopaminergic cells in the substantia nigra pars compacta and the presence of aggregates of proteins,
called Lewy bodies, in the sparse lasting neurons. Dopamine depletion in the nigrostriatal pathway,
including substantia nigra, striatum, and related structures, is thought to result in the motor,
cognitive, and emotional signs of this disorder. Connections within the basal ganglia were clarified
by the discovery of two populations of striatal medium spiny neurons, which express either
dopamine D1-receptors (direct pathway) or dopamine D2-receptors (indirect pathway). The
functional effects of the direct and indirect pathways have been respectively described as facilitation
and suppression of movement (Martin, 1989). The connectivity pattern of the direct pathway
predicts an excitatory global effect on the cortex resulting from a double inhibition, consisting of (a)
increased inhibition by striatal neurons (containing dopamine D1-receptors) of the globus pallidus
internal segment (GPi); (b) resulting decreased inhibition by GPi neurons of thalamic nuclei. Thus,
the stimulation of D1-receptors results in increased thalamic excitation to the cortex. In contrast, the
3

indirect pathway is defined as producing an overall inhibitory effect. This is achieved by (a)
increased inhibition by striatal neurons (containing dopamine D2-receptors) of the globus pallidus
external segment (GPe); (b) resulting decreased inhibition by GPe of subthalamic nucleus (STN);
(c) increased excitation by STN of GPi; (d) increased inhibition by GPi neurons of thalamic nuclei.
Thus, the stimulation of D2-receptors results in increased inhibition of the thalamus and diminished
excitation of the cortex.
In PD, dopamine depletion and the subsequent decrease in thalamic excitation of the cortex can be
accounted for motor signs such as bradykinesia (Albin et al., 1989). In animal models of PD,
produced by the use of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), the
firing rate of the GPe neurons was decreased while the firing rate of the GPi neurons was increased
(Filion et al., 1991), suggesting that Parkinsonian symptoms may be associated with increased
indirect pathway and a decreased direct pathway activity.
These nigrostriatal pathways, which initiate from projections of the substantia nigra to the striatum,
play an important role in motor control, in the preparation and initiation of movement, sequencing,
action selection, control of movement parameters, and motor learning (Kandel et al., 2013).
Importantly, other dopaminergic pathways, like the mesolimbic and mesocortical pathways, are
involved in related functions that modulate motor behavior including motivational salience,
suppression of behaviors that compete with goal-directed actions, and attentional focus against
distractors (Haber, 2014).
1.3.

Pharmacotherapy

As of today, levodopa is still considered the best medication to treat Parkinsonian symptoms (Olanow,
2019), providing a rapid, though temporary, relief by replenishing endogenous dopamine that appears
reduced in Parkinsonian brains due to the loss of dopamine-producing neurons in the substantia nigra
pars compacta (Lotharius and Brundin, 2002).
4

Since dopamine cannot cross the blood-brain barrier (BBB), levodopa, the precursor of dopamine, is
typically administered with carbidopa to inhibit its peripheral conversion by the enzyme DOPA
decarboxylase (Figure 1.1). After absorption in the small intestine, both levodopa and carbidopa
enter the bloodstream, although only levodopa, and not carbidopa, will cross the blood-brain barrier
to reach the central nervous system (CNS). A second most commonly administered peripheral
enzyme-inhibitor is called entacapone, a catechol-O-methyl transferase (COMT) inhibitor, which,
similarly to carbidopa, does not cross the BBB (Merello et al., 1994). In the CNS, the effects of
levodopa can be modulated by the concurrent administration of other agents including a) enzymatic
inhibitors that prevent levodopa degradation in the CNS, like rasagiline, a monoamine oxidase type
B (MAO-B) inhibitor (Malaty and Fernandez, 2009); b) dopamine agonists that can be used as an
alternative to or in combination with levodopa therapy to delay its onset or treat subsequent motor
complications, like rotigotine. and pramipexole (Kim et al., 2015); c) non-dopaminergic treatments
thought to increase the effectiveness of levodopa by reducing NMDA receptor activity in the
striatum indirect pathway (Johnson et al., 2009) affecting dopamine availability (Stayte and Vissel,
2014), like amantadine, a N-methyl-D-aspartate (NMDA) antagonists (Stayte and Vissel, 2014).
Carbidopa
DDC
inhibitor

BBB

DOPA
decarboxylase

Dopamine

Levodopa
Catechol-O-methyl
transferase

3-Omethyldopa

COMT
inhibitor

Entacapone

Dopamine
receptors

DOPA decarboxylase

Dopamine

Levodopa

MAO-B Monoamine
inhibitor Oxidase
3,4-dihydroxyRasagiline
phenylaceti acid
Presynaptic neuron

Dopamine Agonists:
Pramipexole, Rotigotine

Dopamine Agonists:
Pramipexole, Rotigotine

NMDA Antagonist:
Amantadine

NMDA Antagonist:
Amantadine

Peripheral CNS
blood

Postsynaptic neuron

Increased
Dopamine
Availability

FIGURE 1.1. Peripheral and central action and metabolism of levodopa and other frequently used
Parkinsonian drugs.
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Importantly, pharmacotherapy does not interfere with the progression of the disease (Fabbri et al.,
2020), so it is to be considered a palliative treatment designed to relieve some of the symptoms,
since tremor, balance issues, and postural instability are often not affected by these drugs. Further,
as PD progresses, the patient’s dependence on dopamine increases, so does the treatment dose, and
the severity of levodopa-induced side effects like dyskinesia, involuntary movements that can pose
and additional challenge to patients that are already experiencing disabling motor symptoms
(Sharma et al., 2015).
1.4.

Rehabilitation

Evidence that exercise benefits patients with PD is rapidly increasing. Physical exercise has been
shown in innumerable studies to improve mobility and physical health, while elevating mood,
improving cognitive performance, and overall enhancing quality of life (Morberg et al., 2014).
Further, in the last decade, an increasing number of studies have demonstrated that exercise exerts a
positive effect on Parkinsonian symptoms that do not respond well to pharmacological or surgical
treatment, thus the importance to integrate these approaches in the range of treatment options
available to patients with PD (Bloem et al. 2015). The value of exercise for PD motor symptoms has
been linked to increased brain plasticity (Petzinger et al., 2010), motor learning (Marinelli et al.,
2017), and potential restoration of the automaticity mechanisms that are affected in PD (Petzinger et
al., 2013).
Importantly, the strategies employed during exercise seem to be crucial in determining the
effectiveness of the rehabilitative intervention, including the use of sensory cues (Nieuwboer et al.,
2009), reward and motivation (Ferrazzoli et al., 2016; Ortelli et al., 2018), attentional and cognitive
control (Ferrazzoli et al., 2017, 2018, 2020), music and psychosocial context (Volpe et al. 2013;
Zemankova et al., 2016).
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Dance is an intensively multimodal activity, involving memory, visual-spatial awareness,
kinesthetic and vestibular information, motor imagery, touch, imagination, timing, and
musical/social element. Neuroimaging studies involving expert dancers have shown there are
measurable biological changes associated with dance, that may serve both neuroprotective and
neurorehabilitative roles (Dhami et al., 2015). Studies of long-term practice of dance that reflect
structural and functional differences (Karpati et al., 2015) provide a basis, and potential explanatory
framework for, the emerging trend of using dance as a movement-based rehabilitative intervention
in neurodegenerative disorders, such as PD (Bearss et al., 2017).
1.5.

Research approach

This work focuses on the functional deficits of those living with PD and on the interventions that
may address these symptoms through movement. Issues of cortical plasticity in PD are addressed at
the molecular (i.e., BDNF-TrkB signaling) and neurophysiological level. Relevant physiological
processes and related psychological experiences are integrated. Motor behavior is considered at
different levels of complexity, from behavioral tests, to functional measures, to one of the most
complex and comprehensive human movement expressions, which is dance.

FIGURE 1.2 Integration of Levels: In red, Molecular and Cellular Level (BDNF-TrkB signaling
and structural neuroplasticity); in Blue, Physiological (heart rate, electrodermal activity) and
Psychological Level (positive affect and self-efficacy); in Yellow, Motor Behavior (behavioral test,
functional measures, dance). Adapted from: Fontanesi et al., 2015; Zatorre et al., 2012; Kandel et
al., 2013; Moisello et al., 2015; Empatica, 2018; https://danceforparkinsons.org.
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CHAPTER TWO

TMS enhances retention of a motor skill in Parkinson’s disease

8

2.1

Background

Although acquisition of new motor skills is generally preserved in Parkinson’s Disease (PD), shortand long-term skill retention is impaired in both drug-naïve and pharmacologically treated patients.
This conclusion is based on the results of earlier studies from Ghilardi’s and other groups using an
implicit learning task in which subjects adapted their movements to rotated visual displays (Bédard
and Sanes, 2011; Isaias et al., 2011; Marinelli et al., 2009; Venkatakrishnan et al., 2011).
Adaptation in this task requires the formation of new visuo-motor relationships and, thus, the
creation of new memories or ‘internal models’ (Kawato, 1999). In this thoroughly characterized
task (Ghilardi et al., 2000; Krakauer et al., 1999, 2000, 2005), learning is evident as a constant
decrease of directional error that occurs without subjects’ awareness; retention is sleep- dependent
and is reflected in after-effects, a trace of the achieved adaptation, and in faster rate of re-adaptation
at successive exposures. Importantly, learning depends on the activity of right posterior parietal
areas as demonstrated by imaging and electrophysiological studies (Ghilardi et al., 2000; Huber et
al., 2004; Landsness et al., 2011; Perfetti et al., 2011). Indeed, this area, which is involved in the
integration of proprioceptive, visual and vestibular inputs, plays an important role in forming and
maintaining new internal models used for movement planning. In particular, the binding of
multisensory information as well as the development of memories or models such as those required
for moving under new visuo-motor coordinates is reflected by activity changes occurring over this
area (Perfetti et al., 2011; Batista et al., 1999; Sabes, 2000; Van Der Werf et al., 2010). Importantly,
the degree of skill retention highly correlates with the magnitude of EEG changes during learning
over the right posterior parietal area, as well as with the occurrence of slow wave activity in
subsequent sleep over that same spot (Huber et al., 2004).
Adaptation to a 30° rotation occurs similarly in patients with PD and age-matched controls: at the
end of training, adaptation levels are similar in both groups (Bédard and Sanes, 2011; Isaias et al.,
9

2011; Marinelli et al., 2009). However, re- adaptation, tested either immediately after training or
one-two days later, is faster than in the first exposure only in normal controls (Bédard and Sanes,
2011; Isaias et al., 2011; Marinelli et al., 2009). A possible explanation is that formation of internal
models and their retention is hampered in PD because of impaired induction of long-term
potentiation (LTP)-related phenomena (Marinelli et al., 2009). In fact, many studies in PD have
now demonstrated deficits of LTP-like phenomena in the primary motor cortex (Kishore et al.,
2012; Kojovic et al., 2012; Morgante et al., 2006; Suppa et al., 2011; Ueki et al., 2006). A way to
enhance LTP-like phenomena in vivo is the use of 5 Hz-repetitive transcranial magnetic stimulation
(5Hz-rTMS): in normal subjects, 5Hz-rTMS increases the amplitude of muscle and cortical
responses and produces local increases of slow wave activity in subsequent sleep (Esser et al., 2006;
Huber et al., 2007; Quartarone et al., 2005, 2007). More direct evidence of LTP induction comes
from our animal study showing that 5Hz-rTMS increases expression of brain-derived neurotrophic
factor, tyrosine-receptor-kinase-B and N-methyl-D-aspartate receptor that induce dendritic
translation (Wang et al., 2011). It is then plausible that, if LTP is impaired in PD,5Hz -rTMS
applied to an area involved in learning might enhance memory formation and retention in these
patients.
Therefore, in this study, a group of patients with PD adapted to one of two rotation types in two
separate sessions. After training, 5Hz-rTMS or sham-rTMS was applied to the right posterior
parietal area. While adaptation at the end of training was comparable in the two sessions, retention
on the following day was abnormal after sham-TMS but not after 5Hz- rTMS.
2.2

Methods

2.2.1. Subjects
We tested 19 patients with PD (14 men, age: 60.9± 5.4 yrs) and 19 age-matched (10 men, age 58.9
± 8.7 yrs) controls. As shown in Table 2.1, all patients had mild to moderate PD and were treated
10

with dopaminergic drugs. None of the patients and controls had severe medical illness or had
recently received chronic treatment for sleep complaints. During all the experiments, all the patients
were in ON state, in their regular medication schedule. All subjects were right-handed and were
naïve to the motor task. The experiments were conducted with the approval of the participant
institutes’ IRBs. Written informed consent was obtained from all participants.

TABLE 2.1. Patients’ characteristics
2.2.2. Experimental design
All patients with PD completed a real rTMS and a sham session, or Treatment and Placebo session,
respectively. Each session encompassed two consecutive mornings. The two sessions were
performed at least one week apart, in a counterbalanced order. During this period, the medication
dosage and schedule were always the same. On day 1 of each session (i.e., training), patients
11

adapted to a total of 60° rotation, either counterclockwise (CCW) or clockwise (CW). Importantly,
CW and CCW rotations activate the same brain pattern; the rate of adaptation is the same in both;
there is no transfer of learning from one to another and there is no interference on retention, if CCW
and CW rotations are learned at least 24 hours apart (Ghilardi et al., 2000; Krakauer et al., 2000,
2005). At the end of day-1 training, patients underwent either a sham (in the placebo session) or a
real 5Hz-rTMS (treatment session). On day 2 of each session (i.e., testing), patients repeated the
same tasks with the same rotation as in day 1. The order of cursor rotation (CW or CCW) and
sessions (treatment or placebo) was counterbalanced.
Control subjects completed only a two-day session: on day 1, they adapted to a 60° rotation (either
CCW or CW); on day 2, they were tested with the same protocol.
All subjects were asked to keep a diary about sleep duration for the night between the two testing
days of each session.
2.2.3. TMS
With a MAGSTIM Rapid Stimulator (Magstim, Whitland, Dyfed, UK) connected to a figure-ofeight shaped coil, we first identified the Left first dorsal interosseus (FDI) muscle representation on
M1 using single-pulse TMS applied to the Right hemisphere as the position in which TMS elicited
highest motor-evoked potentials (MEPs). Resting motor threshold (RMT) was measured at the
relaxed left FDI, as the lowest intensity capable of evoking 5 of 10 MEPs with amplitude of at least
50 μV. RMT (mean ± SD) was similar in the treatment (55.5±10.7) and placebo sessions (55.5 ±
10.7; p=0.23). The TMS output intensity was then adjusted to 90% of the RMT. For both the
treatment and placebo sessions (see experimental design), the coil was positioned over the right
posterior parietal cortex, corresponding to P6 in the 10–20 EEG system. In the treatment session, a
total of 25 trains of pulses were applied through the tangentially oriented coil positioned over P6
area with the grip pointing backwards. Each train consisted of 50 single pulses of 5 Hz lasting for
12

10 s, with an inter-train interval of 2 s. The 25 trains were grouped into 5 blocks of 5 trains each, for
a total of 1250 TMS pulses. Any two consecutive blocks were separated by a stimulus- free interval
of 1 min. These stimulation parameters were chosen because they induce local signs of LTP-like
plasticity in terms of increase of both motor response amplitude and local slow wave activity in
subsequent sleep (Esser et al., 2006; Huber et al., 2007; Quartarone et al., 2005). In the placebo
session, the coil was placed at the same location as for the real rTMS in the treatment session but
was rotated 90° about the axis of the handle and separated from the head by a 2 cm plastic spacer.
2.2.4. Tasks
All subjects performed two motor tasks, RAN and ROT (Huber et al., 2004; Perfetti et al., 2011). In
both tasks, one of eight radially arrayed targets (distance from center: 4 cm) displayed on a screen
as circles (1 cm radius), flashed for 400 ms at a fixed 1.5 s interval (Figure 2.1A). The order of
targets appearance was random and unpredictable. Subjects were asked to reach the target from the
central starting point by moving a cursor on a digitizing tablet (sampling rate 200 Hz) with their
right dominant hand. Instructions were to make movements as fast and as possible, without
corrections. An opaque shield at shoulder level prevented subjects from seeing their limb. Cursor
and target positions were visible on the screen at all times. In ROT, unbeknownst to subjects, the
screen cursor was rotated either CW or CCW relative to the hand position by a total of 60° in six
incremental steps of 10° each (Figure 2.1C). Subjects were never informed about the cursor
rotation. In RAN, there was no discrepancy between the direction of the screen cursor and that of
the moving hand. Each session encompassed two consecutive mornings. On Day 1, subjects were
exposed for the first time to a 60° step-wise rotation adaptation (training): in the order, subjects
performed three RAN blocks of 56 movements each, followed by twelve ROT blocks in six
incremental steps of 10° (two blocks per step, equal to 112 movements, per step) separated by 1–2
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minute rest. On day 2, they perform three RAN blocks followed by a complete 60° step-wise ROT,
exactly as in day 1 (testing) and we measured the after-effects and gain in re-adaptation.
When questioned at the end of the two sessions, none of the subjects reported awareness of the
rotation. Moreover, inspection of the data, and in particular of reaction time values, revealed that
none of the subjects implemented cognitive strategies, thus suggesting that adaptation to the rotated
display was entirely implicit. Also, the majority of patients did not report any difference in the
stimulation intensity of the two sessions, three of them guessed correctly and two guessed wrongly.
Separate analyses of the data of the three patients that guessed correctly did not show any
significant difference compared to the other data set.

FIGURE 2.1. A. The bottom part represents the screen display with the 8-target array during target
appearance (first square) and at the end of the out-going movement (in gray) to the presented target.
The asterisk on the hand path represents the point of peak velocity. The top part illustrates the
temporal profile of velocity (asterisk on the peak) with the time of movement onset (empty circle)
and end (gray-filled circle). Reaction time (difference between target appearance and movement
onset) and movement time (difference between movement onset and end) are depicted together with
the time to peak velocity (time to PV). The symmetry index is the ratio between the time to PV and
the total duration of the movement expressed in percentage. The ideal bell-shaped velocity profile
from a ballistic movement without correction has a symmetry index equal to 50%. B. The
directional error at the peak velocity of a hand path is computed as the difference between the
direction of the vector from the start point to the target and the direction of the vector from the start
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to the peak velocity point (marked by an asterisk). C. Illustration of the progressive reduction of the
directional error during rotation adaptation (from 1. to 3.).
2.2.5. Analysis
As in previous studies (Isaias et al, 2011; Marinelli et al., 2009; Krakauer et al., 1999; Perfetti et al.,
2011; Ghilardi et al., 2000), for each movement, we measured: reaction time (Figure 2.1A);
movement time (Figure 2.1A); directional error at the peak velocity, which represents a directional
planning error (Figure 2.1B); temporal symmetry index of the velocity profile, i.e. the ratio between
the time at peak velocity and total duration of the movement. The ideal bell-shaped velocity profile
from a ballistic movement without correction has a symmetry index equal to 50% (Figure 2.1A).
We then computed one measure of adaptation achieved on day-1 training and two indices of
retention on day 2 (after-effects and gains in re-adaptation), all derived from directional error. The
adaptation reached by the end of training on day 1 was measured based on the average directional
error of the last eight movements (DirErr1) of the last 60° ROT block and expressed in percentage:
%Adaptation = [1-(DirErr1/60)]*100.
After-effects were measured based on % Adaptation and the mean directional error of the first eight
movements of the first RAN block at the beginning of day 2 testing (DirErr2), as:
%After-Effects = [DirErr2/(60-DirErr1)]*100.
Finally, we measured gains in re-adaptation based on the average of the adaptation curves of day 1
and 2. Since they were normalized by the levels of day 1 adaptation, both after-effects and readaptation were independent of the level of adaptation reached on day 1 and could be thus
compared across sessions and patients.
ANOVAs were performed on all measures. Post-hoc tests (with Bonferroni correction for multiple
comparisons when appropriate) were used to verify the effects of treatment in the PD group and the
differences between controls and PD. In particular, to compare day 1- adaptation in the six steps of
rotation in the treatment and placebo conditions (two conditions), we used a mixed model ANOVA
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(two conditions, six steps). We did not find any difference between the two conditions. Therefore,
we compared day 1 adaptation of the averaged treatment and placebo sessions in PD to the session
of the control group (mixed- model ANOVA with two groups, six steps). For %Adaptation,
%After-effects and re- adaptation gains as well as for kinematic variables on day 1 and their
percentage changes on day 2, we compared the data of treatment, placebo and controls with oneway ANOVA. Pearson coefficients were used to explore significant correlations between
performance and clinical measures in PD as well as between after-effects and re-adaptation gains.
2.3

Results

No subject experienced adverse effects of the rTMS procedure. Importantly, the amount of sleep
was the same across groups and sessions: in the night before re-adaptation, patients slept an average
of 6.25±1.5 hours in the placebo session and 6.30±1.2 hours in the treatment session (paired-t test
p=0.88), not differently from controls (6.66±1.0 hours, unpaired t-test: p=0.4).
In all the experimental sessions, movements were essentially straight with a bell-shaped velocity
profile in both patients with PD and in controls, as suggested by inspection of the mean values of
the symmetry index, a measure of temporal shape of the velocity profile (Table 2.2).

TABLE 2.2. Kinematic variables. * post-hoc test corrected for multiple comparisons: controls
versus PD: p<0.03
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On day 1, all subjects adapted to the step-wise rotation by decreasing the directional error. As
shown in Figure 2.2, the average adaptation varied between steps (range from 70 to 80%) with
constantly lower values in the 10° step (ANOVA: step: F(5, 54)=12.3; p< 0.0001). Importantly, in
PD patients, the course of adaptation was basically overlapping in the treatment and placebo
sessions (session: F(1, 36)= 0.02, p=0.88) with a similar effect of rotation steps (step: F(5, 36)=6.6;
p< 0.0001; session X step: F(1, 5)= 1.44, p=0.22). Therefore, the data of day 1 from the patients’
treatment and placebo sessions were averaged to compare day 1 adaptation of PD and control
groups. We found no statistical differences between groups (group: F(1, 36)= 2.3, p=0.14; step: F(5,
36)=11.9; p< 0.0001; group X step: F(1, 5)= 0.89, p=0.49). Adaptation in the last step was greater
in controls (about 4% corresponding to 2°; post-hoc p=0.03). This slight difference was reflected in
the final adaptation achieved (i.e., the directional error of the last eight movements).

FIGURE 2.2. Average of the course of adaptation to a 60° step-wise rotation during day 1. On the
y-axis we report the mean ± S.D. of adaptation (expressed as the percentage of the imposed rotation)
for each of the 10° rotation steps for the PD patients in the placebo (empty circles) and treatment
(filled circles) sessions and for the normal controls (filled diamonds). The dotted line indicates the
average of the placebo and treatment sessions. In the 60° step, controls showed slightly but greater
adaptation than patients (post hoc for controls versus averaged values of placebo and treatment
sessions in PD: p=0.03).
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As illustrated in figure 2.3A, this index was slightly greater in the controls compared to patients in
both treatment and placebo sessions (F (2,56)=3.2, p=0.04), although post hoc comparisons did not
reveal significant differences between PD and controls (treatment vs. controls, p=0.09; placebo vs.
controls: p=0.07). Again, there were no differences between treatment ad placebo sessions in PD
(p=0.90). Altogether, these results show that that the time course and the level of adaptation reached
at the end of day 1 were very similar in the two groups. Most importantly, they suggest that day-1
adaptation was virtually overlapping in the two patient sessions.

FIGURE 2.3. Mean ± S.D. of A. %Adaptation, B. % After-Effects, C. % Re-Adaptation Gains for
the PD patients in the placebo (empty circles) and treatment (filled circles) sessions and for the
normal controls (filled diamonds). The dotted lines indicate significance with p<0.05 with
Bonferroni correction. D. % After-Effects are shown for each patient with PD in the placebo and
treatment session with a symbol linked by a line. Notice that values in the treatment session are
always greater than in the placebo with the exception of one patient. The % After-Effects of each
control is indicated with a filled diamond.
The focus of this paper is skill retention and its modulation by rTMS. We thus analyzed the
magnitude of %After-effects on day 2, representing a memory trace carried over from the first
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exposure to rotation on day 1. %After-effects in the placebo session were significantly lower
compared to the control group (ANOVA: F (2,56)=31.9; p<0.0001; post-hoc: p<0.00001, Figure
2.3B). After rTMS, they significantly increased compared to the placebo (post-hoc: p=0.00003),
reaching the range of the controls (p=0.61, Figure 2.3B). Single- subject analysis revealed that the
increase in the treatment session was present in all but one patient (Figure 2.3D). Similar results
were seen for gains in re-adaptation (ANOVA: F (2,56)=13.3; p<0.0001): in the treatment session,
they were significantly higher than in the placebo (p=0.00006), reaching the range of controls
(p=0.83, Figure 2.2C). The two retention indices, i.e., %after-effects and gains in re-adaptation,
were not significantly correlated (r<0.2) suggesting that they reflect different processes. In fact, as
discussed in the following paragraphs, the former likely represents short-term memory formation
and the latter the prompt retrieval of the appropriate internal model.
Finally, we ascertained whether rTMS had an effect also on kinematic indices. The results are
reported in Table 2.2. Briefly, we found that reaction and movement times in PD were higher than
in controls but without differences between placebo and treatment sessions. Importantly, the
changes between day 1 and 2 of reaction and movement times as well as of symmetry indices were
similar in all the groups (p always >0.5) suggesting that there were no rTMS-induced changes on
the kinematic variables. Thus, altogether these results suggest that rTMS on the right posterior
parietal area induced selective effects on directional error- based indices of retention.
Adaptation, after-effects and re-adaptation indices did not correlate with clinical scores, disease
duration, amount of levodopa equivalents or other PD characteristics (absolute r values always< 0.1
p>0.2). This is in agreement with previous reports showing that adaptation and retention of a
rotation task was not influenced by disease status or medication (Isaias et al., 2011; Marinelli et al.,
2009). Finally, there was no effect of session order (treatment or placebo) or type of rotation (CCW
or CW) for any of the adaptation, retention and kinematic measures (p always >0.3).
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2.4

Discussion

The main result of this study is that application of 5 Hz-rTMS to the right posterior parietal area
after adaptation to a visuo-motor rotation enhances indices of skill retention in patients with PD.
Importantly, this effect was confined to the retention of new visuo-motor coordinates without
affecting the kinematic characteristics.
Twenty-four hours after the initial training, skill retention measured with both after-effects and readaptation gains were lower in patients during the placebo session compared to controls, confirming
that motor skill retention is impaired in PD (Bédard and Sanes, 2011; Isaias et al., 2011; Marinelli
et al., 2009). As in previous works with 30° rotation (Marinelli et al., 2009), impaired retention was
independent of disease duration, UPDRS scores, and medications. Importantly, the two retention
indices, %after-effects and re-adaptation, were independent from the level of adaptation during
training (see methods), thus allowing for comparison between groups and sessions. After-effects
represent a memory trace of the newly formed internal models and the level of achieved adaptation,
which normally decays with time (Kitago et al., 2013). During initial training, movement planning
becomes more accurate and directional errors smaller as, with learning, new internal models are
formed or modified. A fast decay and thus, the decay of the memory of the “rotated state”, produces
a fast return towards the default “un-rotated” state and suggests an impairment of short-term
memory formation. But there is another aspect that influences retention, that is, the capacity of
retrieving promptly the appropriate internal model. In fact, during subsequent exposures to the same
rotation, the previously acquired internal models need to be retrieved efficiently for faster readaptation, accurate movement planning and low directional errors. The other index of retention we
used, i.e., the difference between adaptation and re- adaptation, is a composite measure that
captures, at least in part, the successful retrieval of stored memories or internal models. The fact
that both retention indices were lower in PD after sham rTMS confirms previous results with 30°
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rotation showing decrements of both after-effects and adaptation gains, immediately after training
as well as 24 and 48 hours later (Bédard and Sanes, 2011; Isaias et al., 2011; Marinelli et al., 2009).
They further suggest that one of the main reasons of decreased retention in PD is a disruption of the
processes leading to the formation of new internal models immediately after training. This
disruption might be linked to impairment of cortical potentiation present in this disease (Kishore et
al., 2012; Kojovic et al., 2012; Morgante et al., 2006; Suppa et al., 2011; Ueki et al., 2006).
The most important new finding is that, although adaptation at the end of training was the same in
both sessions, retention in PD reached normal values only following rTMS. The basic mechanism
underlying these results might be that 5Hz-rTMS enhances LTP-like phenomena. Indeed, when
applied over the motor cortex, 5Hz-TMS produces long-lasting increases of TMS-evoked responses
from the muscle (Quartarone et al., 2005) and the motor cortex (Esser et al., 2006), local increases
of regional cerebral blood flow and glucose (Siebner et al., 200, 1002) and local increase of slow
wave activity in subsequent sleep over the motor cortex (Huber et al., 2007). Therefore, it is
plausible that 5Hz-rTMS induces local facilitatory effects that are expression of enhanced plasticity
and LTP-related changes. This is also supported by direct evidence from animal studies (Wang et
al., 2011). Those animal studies demonstrated that 5Hz-rTMS induces plastic changes promoted by
the basic mechanisms underlying synaptogenesis and activity-dependent forms of synaptic
plasticity (Wang et al., 2011), which are cellular counterparts of memory formation (Soliman et al.,
2010). The present study in PD, a disease with reduced cortical plasticity (Kishore et al., 2012;
Kojovic et al., 2012; Morgante et al., 2006; Suppa et al., 2011; Ueki et al., 2006), demonstrates that
5Hz- rTMS specifically increases skill retention, behavioral manifestation of enhanced LTP-like
phenomena, without affecting reaction and movement time. This focal effect is likely due to the
choice of the target, the right posterior parietal area, and the time of intervention. The choice of this
spot was based on previous high-density EEG studies with this task that showed activity relevant to
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visuo-motor adaptation and retention processes around electrode P6 (Huber et al., 2004; Landsness
et al., 2011; Perfetti et al., 2011; Landsness et al., 2009). The stimulation spot was defined with the
10–20 EEG system. Indeed, target localization on the bases of individual MRI would have been
more accurate and might have led to greater improvements. Nevertheless, despite this limitation, we
found significant improvement of retention in PD with rather uniform results. That the right
posterior parietal cortex is involved in the learning of new visuo-motor mapping during rotation
adaptation has been amply shown by imaging, EEG and sleep studies (Ghilardi et al., 2000; Huber
et al., 2004; Landsness et al., 2011; Perfetti et al., 2011; Landsness et al., 2009). Indeed, activity of
this region is required for many spatial tasks such as the present one and is crucial for spatial,
attentional and multisensory integration processes needed for motor planning and visuo-motor
adaptation (Perfetti et al., 2011; Batista et al., 1999; Sabes, 2000; Van Der Werf et al., 2010).
Moreover, in normal subjects, this area plays an important role in the formation of internal models
during successful rotation adaptation (Perfetti et al., 2011). The present results further support the
notion that first, this area is specifically involved the formation of visuo-motor memory but not in
the change of kinematic characteristics and second, that impaired retention in PD could be due to
deficient LTP-like phenomena in this area. Future studies should determine whether rTMS
treatment also induced activation of regions that are functionally connected with the right parietal
cortex and whether such activation played a role in increasing skill retention.
It is important to remark that our patients underwent both session in ON state on their regular
medication schedule that was kept constant throughout the experiment. The decreased retention in
the placebo session confirms previous findings that dopaminergic therapy per se is not enough to
reach the retention levels of controls (Marinelli et al., 2009). However, as suggested by the results
of studies in PD with similar rTMS procedures (Suppa et al,. 2010), it is possible that rTMS
treatment without dopaminergic therapy would not be as effective in promoting skill retention. If
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dopaminergic treatment is a requirement for improving retention, its most likely site of action might
be in regions other than the posterior parietal cortex. These regions might include the basal ganglia,
as our previous finding in drug-naïve patients show that dopamine-transporter binding of the right
caudate and putamen is highly correlated with short-term retention of rotation adaptation (Isaias et
al., 2011). The choice of applying 5Hz-rTMS after training was driven by the following
speculation. We reasoned that in PD, the neural activity resulting from the performance during
training might not be enough to reach the threshold to start efficient LTP cascade signaling.
Nevertheless, even in PD, training might induce a weak neural activity that might be enough to
function as a tag or priming effect. The addition of 5Hz-TMS pulses might boost this weak traininginduced signal in this specific area so that the threshold for the LTP cascade can be reached within
the tagged area. The results of this study indicate that this is indeed a possible scenario.
Irrespectively of the time of the intervention, based upon these results, we further speculate that the
close temporal proximity of TMS with a behavioral task activating the neural pathways in a
“naturalistic” way might represent a powerful approach to enhance plasticity in PD and in other
neurological and psychiatric conditions. Indeed, further studies are needed to prove this point and to
verify whether a different temporal application of rTMS to the right parietal and other areas in the
fronto-parietal network involved in this type of learning produce similar effects.
In summary, this study establishes an association between impairment in skill retention, disruption
of LTP-like phenomena and cortical plasticity in PD. By showing that local rTMS following
specific training does indeed enhance memory consolidation, this study provides the bases for
targeting specific symptoms or dysfunction with interventions aimed to enhance, in a circumscribed
area, LTP-like phenomena and cortical plasticity.
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CHAPTER THREE

Intensive rehabilitation enhances lymphocyte BDNF-TrkB signaling in patients with
Parkinson’s disease
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3.1.

Background

We have previously found that a five-day course of 5Hz of repetitive transcranial magnetic
stimulation (rTMS), a treatment designed to enhance cortical plasticity, upregulates the brainderived neurotrophic factor (BDNF)-tyrosine kinase B (TrkB) receptor in both the cortex and the
peripheral lymphocytes of humans and animals (Wang et al., 2011). BDNF-TrkB signaling in
lymphocytes is rather stable, as samples collected over time are not altered without a targeted
intervention (Wang et al., 2011). The increments of BDNF-TrkB signaling in lymphocytes were
highly correlated with those in the cortex and with changes in cortical excitability (Wang et al.,
2011), suggesting that BDNF-TrkB signaling in lymphocytes reflects, at least in part, cortical TrkB
signaling. Indeed, TrkB, a member of the neurotrophin receptor tyrosine kinase family, is expressed
ubiquitously in the nervous system, in different organs and in immune cells. Upon binding of
BDNF, TrkB signaling promotes, in general, cell development, maturation, survival (Maroder et al,
1996; Schuhmannet al, 2005) and, at the cortical level, also facilitates mechanisms related to
neuronal plasticity, including long-term potentiation (LTP) and synapses formation (Lu, 2003;
Bramham and Messaoudi, 2005; Ma et al., 2013) Parkinson’s disease (PD) is a progressive
neurodegenerative disorder characterized by abnormal motor and non-motor signs. More recently,
electrophysiological studies have also revealed decreased long-term potentiation (LTP)-like
plasticity in the cortex of patients with PD (Koch, 2013; Ueki et al, 2006). As a result, PD patients
exhibit deficits in short- and long-term retention of newly learned motor skills (Isaias et al, 2011;
Marinelli et al., 2009; Bédard and Sanes, 2011; Moisello et al., 2015) that can be restored by
enhancing local LTP-like plasticity with rTMS (Moisello et al., 2015). A more general improvement
in plasticity might be obtained by aerobic exercise, as suggested by recent studies in normal animals
(Vaynman, 2005), in animal model of PD (Petzinger et al., 2013), in normal human subjects
(Kramer and Erickson, 2007) and in patients with neurodegenerative diseases (Coelho et al., 2014).
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In particular, the Multidisciplinary Intensive Rehabilitation Treatment (MIRT), a four-week
protocol that includes aerobic exercise as well as functional and goal-directed training (Frazzitta et
al., 2010; 2012a; 2012b; 2013a; 2013b), produces a long-lasting improvement on the motor and
non-motor functions of patients with PD (Frazzitta et al., 2012c; 2013c; 2015a; 2015b). Specifically,
in a two-year study, the comparison between two groups of patients in the early stages of PD treated
with the same amount of rasagiline revealed that UPDRS II and III scores as well as other clinical
parameters progressed more slowly in the MIRT group (Frazzitta et al., 2015b). More importantly,
at the end of this study, the percentage of patients requiring an increase in levodopa-equivalent
dosage remained lower in the MIRT group (25%) compared to that in the other group (80%).
Altogether, these results suggest that MIRT might decrease the rate of disease progression although
the precise mechanisms remain largely unknown. Nevertheless, it is very plausible that the
enhancement of phenomena related to cortical plasticity might play a role in these neuroprotective
and neurorestorative effects. If so, based on our finding that changes of BDNF-TrkB signaling are
highly correlated in the cortex and in the lymphocytes (Wang et al., 2011), we could expect that a
four-week MIRT in patients with PD will also enhance BDNF-TrkB signaling in lymphocytes.
3.2.

Materials and Methods

3.2.1. Subjects and Clinical Assessment
Subjects were sixteen patients with PD with clinical characteristics reported in Table 3.1. Inclusion
criteria were: Mini-Mental State Examination score > 24; ability to walk without physical
assistance; ability to perceive visual and auditory cues; right-handedness; no neurological conditions
other than PD. Subjects were admitted to the Department of Parkinson’s Disease Rehabilitation at
“Moriggia Pelascini” Hospital (Gravedona ed Uniti, Italy), and underwent a four-week MIRT while
continuing their pharmacotherapy. We collected blood at three time points: baseline, after two-week
MIRT, and after four-week MIRT. Clinical scores were assessed at baseline and after four-week
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MIRT by the same neurologist and physiotherapist expert in movement disorders and blind to the
study design. These included: UPDRS, 6-Minutes Walking Test (6MWT), Berg Balance Scale
(BBS), Time Up and Go Test (TUG), Parkinson’s Disease Disability Scale (PDDS), Freezing of
Gait Questionnaire (FOGQ). The same neurologist performed all clinical assessments. The study
protocol was conducted according to the Declaration of Helsinki and approved by the local
Scientific Committee and Institutional Review Board of “Moriggia Pelascini” Hospital. All subjects
gave their informed consent before participation.
Patient

Age

Gender

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

77
75
72
79
61
81
60
80
76
78
73
68
65
65
68
67

M
F
M
F
M
F
M
M
F
F
M
M
M
M
F
M

Disease
Duration
(yrs)
16
10
6
9
5
5
8
3
12
3
5
10
15
12
11
5

Hoehn &
Yahr
stage
3
3
3
3
2
2
3
2.5
2.5
2
2
3
3
3
3
3

TABLE 3.1 Characteristics of patients at baseline
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UPDRS
III
14
28
21
20
16
18
20
16
23
29
14
20
23
18
16
13

L-dopa
equivalent
(mg)
1300
1100
850
660
600
300
1100
800
1200
100
200
850
800
640
700
1240

3.2.2. MIRT
MIRT has been fully described in previous publications (Frazzitta et al., 2010; 2012a; 2012b;
2012c; 2013a; 2013b; 2013c; 2015a; 2015b). Briefly, MIRT consisted of four weeks of physical
therapy and exercise, with three daily sessions, five days a week. The first was a one-to-one session
with a physical therapist, involving muscle stretching, exercises to improve the range of motion of
the spinal, pelvic and scapular joints, strengthening of abdominal muscles, postural changes, and
balance training on a posturographic platform. The second session included aerobic training on: (1)
a treadmill equipped with both visual and auditory cues, (2) a stationary bike, (3) an elliptical
machine providing visual feedback, (4) a stabilometric platform. The third was an occupational
therapy session to improve autonomy in daily life, use of tools, dressing, transferring from sitting to
standing, rolling from supine to sitting, and leg coordination in walking and turning.
3.2.3. Lymphocyte collection, treatment, immunoprecipitation and Western blotting
Whole blood was collected in EDTA tubes in the morning, between 7 and 8 am, before any activity
was performed. Whole blood was layered on an equal volume of Histopaque-1077 at 25°C, and
then centrifuged at 400 × g for 30 min (25°C). Lymphocytes (opaque interface) were washed twice
with 3 ml of PBS followed by centrifugation at 250 × g for 10 min and resuspension. The pellet was
suspended in 400 μl of PBS and 100 μl of glycerol and stored at −80°. As established in our
previous study (Wang et al., 2011), lymphocytes (100 mg) were thawed gradually and suspended in
oxygenated Low-Mg2+ Krebs-Ringer (LMKR) at 4°C. The lymphocyte suspensions were then
incubated at 37°C with 50 ng/ml recombinant human BDNF (rhBDNF) containing LMKR or
LMKR only for 30 min (total incubation volume was 250 ml). The incubation mixture was aerated
with 95% O2/5% CO2 every 10 min for 1 min during the incubation. The ligand stimulation was
terminated by adding 1 ml of ice-cold Ca2+-free LMKR containing 0.5 mM EGTA/0.1 mM EDTA,
protein phosphatase inhibitors and centrifuge. The resultant lymphocytes were homogenized in 0.25
28

ml of ice-cold immunoprecipitation buffer. The homogenates were centrifuged at 1000×g for 5 min
(4°C), and the supernatant (postmitochondrial fraction) was sonicated for 10 s on ice and
solubilized in 0.5% digitonin/0.2% sodium cholate/0.5% NP-40 for 60 min (4°C) with end- to-end
rotation. The resultant lysates were cleared by centrifugation at 50,000×g for 5 min and diluted with
0.75 ml of immunoprecipitation buffer and protein concentrations measured by the Bradford
method. TrkB signaling complexes, extracellular-signal-regulated kinase 2 (ERK2) and protein
kinase B1 (AKT1) in 100 μg lymphocyte lysate were separately immuoprecipitated by a 2-hr
incubation (4°C) with 1 μg immobilized anti-TrkB (for assessment of pY-TrkB; phospholipase C
(PLC)-γ1, SRC homology containing protein (Shc) recruitment; and TrkB– N-methyl-D-aspartate
(NMDA) receptor interaction), anti-ERK2 (pT202/pY204-ERK2) and anti-AKT (pS473-AKT)
followed by addition of 25 μl protein A/G-conjugated agarose beads and incubation at 4°C for 16
hr. The resultant immunocomplexes were pelleted by centrifugation (4°C), washed 3 times with 1
ml of ice-cold PBS, pH7.2 and centrifuged. The resultant immunocomplexes were solubilized by
boiling in SDS-PAGE sample preparation buffer. The contents of pY-TrkB, PLC-γ1, Shc, NR1
subunit of NMDAR in the 50% of anti- TrkB, pT202/pY204-ERK2 in anti-ERK2 and pS473-AKT1
in anti-Akt1 immunoprecipitates were determined by Western blotting with specific antibodies as
described previously (Wang et al., 2011). The blots were stripped and re-probed with anti-TrkB, ERK2, or -Akt1/2/3 to illustrate even immunoprecipitation efficiency and loading. The signals were
detected using a chemiluminescent method and visualized by exposure to x-ray film. The films
were scanned, and specific bands were quantified by Image J. The data are expressed as ratio of the
optical intensity of signaling molecule to the optical intensity of loading control.
3.2.4. Statistical Analysis
All data are presented as mean ± standard deviation (SD). For each component of the TrkB
signaling pathway we computed the changes between the BDNF-stimulated and unstimulated
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conditions, as a ratio between the two (i.e., [BDNF-stimulated]/[unstimulated]) at three time points
(pre-MIRT, two-week MIRT, and four-week MIRT). Treatment effects were evaluated by repeated
measure ANOVA, using time as independent variable with three levels: pre-MIRT, two-week
MIRT, and four-week MIRT. We used Mauchly’s test for the verification of sphericity and reported
Greenhouse-Geisser corrected degrees of freedom (df) when sphericity could not be assumed. We
used post-hoc tests with Bonferroni correction for multiple comparisons.
Further, we computed changes in BDNF-TrkB signaling as:
(4-week MIRT – pre-MIRT) / pre-MIRT x 100
We correlated these changes with the differences between clinical scores collected after four- week
MIRT and those collected pre-MIRT.
Results

3.2.5. Clinical scores improve after four-week MIRT
The sixteen patients completed the four-week MIRT. As shown in Table 3.2 and in agreement with
our previous results (Frazzitta et al., 2010; 2012a; 2012b; 2012c; 2013a; 2013b; 2013c; 2015a;
2015b), all scores reveal significant improvement after MIRT compared to baseline.

UPDRS tot
UPDRS II
UPDRS III
UPDRS IV
6MWT
BBS
TUG
PDDS
FOGQ

n
16
16
16
16
16
16
16
16
11

Baseline
Mean
SD
43.31
11.99
15.88
5.85
19.31
4.71
5.13
4.76
292.38 103.46
44.75
7.21
18.18
19.53
71.13
14.53
14.27
5.22

Post- MIRT
Mean
SD
29.56
9.46
10.75
4.95
13.06
3.28
3.44
2.76
363.63 114.64
52.50
4.18
12.64
13.90
54.25
12.12
9.73
4.03

Difference
Mean
SD
-13.75
4.92
-5.13
2.31
-6.25
3.28
-1.69
2.55
71.25
58.38
7.75
4.58
-5.54
7.23
-16.88
8.34
-4.55
1.69

t
11.18
8.89
7.63
2.65
-4.73
-6.77
3.07
8.09
8.90

p
< 0.01
< 0.01
< 0.01
0.009
< 0.01
< 0.01
0.004
< 0.01
< 0.01

TABLE 3.2. Clinical scores at baseline and after 4-week MIRT (UPDRS II: activities of Daily
Living; UPDRS III: Motor Examination; UPDRS IV: Complications of Therapy)
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3.2.6. TrkB signaling in lymphocytes is enhanced following MIRT
We first evaluated the changes in BDNF-TrkB signaling in lymphocytes following MIRT. The
expression of TrkB 145-KDa and 95-KDa, ERK2 or Akt1 remain stable across the three time
points, pre-MIRT as well as after two- and four-week MIRT, both under unstimulated and BDNFstimulated conditions (Figure 3.1 A, C). Similarly, the expression of Shc, PLC- γ1, NR1 was not
affected by either BDNF stimulation or MIRT (Data not shown).
The results of statistical analysis of MIRT effects (repeated measure ANOVA and post-hoc tests)
on each component of TrkB signaling are summarized in Table 3.3.
Repeated measure ANOVA

pY-TrkB
(145KDa)
pY-TrkB (95KDa)
PLC-g1
Shc
NR1
pY-ERK2
pS-Akt1

Post-hoc tests, pairwise
comparisons, p values*
Pre- vs
Pre- vs 4- vs 22-week
4-week
week
MIRT
MIRT
MIRT

df°

F

p

2, 30

288.45

<.0001

<.0001

<.0001

<.0001

2, 30
2, 30
2, 30
2, 30
2, 30
1.3, 20.1

0.028
300.60
157.12
244.68
224.38
256.41

.972
<.0001
<.0001
<.0001
<.0001
<.0001

>.999
<.0001
.631
.168
.007
.036

>.999
<.0001
<.0001
<.0001
<.0001
<.0001

>.999
<.0001
<.0001
<.0001
<.0001
<.0001

TABLE 3.3. Result of ANOVA and post-hoc test: Effect of MIRT on BDNF–TrkB signaling and
TrkB–NMDAR recruitment. Significant results in bold. ° Greenhouse-Geisser corrected when
sphericity was not assumed. * adjusted for multiple comparison using Bonferroni correction.
In lymphocytes collected pre-MIRT, BDNF-stimulation increased pY-TrKB 145KDa level by 286
± 31%, with minimal changes in pY-TrkB 95KDa (19 ± 7%). Following two- and four-week MIRT,
the BDNF-induced pY-TrkB 145KDa levels were further increased by 15.6 ± 7.1% and 52.6 ±
10.8%, respectively, without significant increases of pY-TrkB 95KDa levels. Post-hoc tests
confirmed that pY-TrKB 145 KDa level pre-MIRT (3.86 ± 0.31) was significantly lower compared
to both two- (4.47 ± 0.55) and four-week MIRT (5.89 ± 0.60). The difference between two and four
weeks was significant as well (Figure 3.1 A, B).
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Similar results were obtained for PLC- γ1 and Shc (Figure 3.1 A, B). Pre-MIRT, BDNF stimulation
enhanced pY-TrkB recruitment of PLC- γ1 and Shc by 328 ± 41% and 321
± 47%, respectively. Importantly, MIRT significantly increased the recruitment of PLC- γ1 and
Shc; post-hoc tests confirmed that the levels of recruited PLC- γ1 at two-week MIRT (4.95 ± 0.37)
were already significantly higher than pre-MIRT (4.28 ± 0.42). Further significant increase was
observed at four-week MIRT (6.75 ± 0.53). On the other hand, Shc recruitment at pre-MIRT (4.22
± 0.48) and at two-week MIRT (4.33 ± 0.55) were comparable but significantly higher at four-week
MIRT (5.78 ± 0.69).

FIGURE 3.1. A, B: Levels of activated 145-KDa and 95-KDa forms of TrkB PLCγ1, Shc, and NR1
at baseline, 2-week MIRT, and 4-week MIRT. C, D: Levels of phosphorylated ERK2 and Akt1.
pT/pY-ERK2 levels are normalized for total amount of ERK2; while pS-Akt1values are normalized
for total amount of Akt1.
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To gain insight into MIRT-induced recruitment of the NMDA receptor, we measured the level of
obligatory NMDAR NR1 subunit associated with TrkB (Figure 3.1 A, B). Pre-MIRT, BDNF
stimulation increased TrkB-NR1 association by 315 ± 22%. TrkB-NMDAR interaction increased
with MIRT; post-hoc tests showed that four-week MIRT (5.87 ± 0.47) significantly increased TrkBNMDAR interaction compared to pre-MIRT (4.15 ± 0.22) and two-week MIRT (4.32 ± 0.44).
BDNF-activated pT/pY-ERK2 and pS473-Akt1 levels also increased with MIRT, as shown in
Figure 3.1 C, D. In lymphocytes collected pre-MIRT, BDNF stimulation increased pT/pY- ERK2
by 224 ± 13% and pS473-Akt1 by 158 ± 19%. MIRT significantly elevated pT/pY- ERK2 and
pS473-Akt1. Post-hoc tests showed significant differences between pre-and two- week MIRT for
both pT/pY-ERK2 (3.24 ± 0.13 vs 3.46 ± 0.28) and pS473-Akt1 (2.58 ± 0.19 vs 2.76 ± 0.32).
Further increases were also observed at four-week MIRT for both pT/pY- ERK2 (4.32 ± 0.25) and
pS473-Akt1 (3.74 ± 0.26). The effects of MIRT on BDNF-TrkB signaling and TrkB-NMDAR
interaction are summarized in Figure 3.2.

FIGURE 3.2. Effects of MIRT on BDNF-TrkB signaling and TrkB-NMDAR interaction.
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3.2.7. TrkB signaling enhancement in lymphocytes correlates with improvements in UPDRS
scores
We found that the decrements in UPDRS total scores were significantly correlated with the
increases in TrkB signaling at receptor (TrkB 145KDa), intracellular mediators (PLC-γ1, Shc) and
NMDAR interaction levels (NR1). No correlations were found with TrkB 95KDa and downstream
effectors (ERK2 and AKT1), which, however, are not exclusive components of BDNF-TrkB
signaling, as they participate to other pathways as well, and have not been immunoprecipitated with
the TrkB complex. Similar results were found for UPDRS II scores (activity of daily living).
Illustrations as well as r and p value of such correlations are reported in Figure 3.3 A, B. We did not
find significant correlations between changes in TrkB signaling components and all the other
indices of clinical improvement.

FIGURE 3.3 A, B: Correlations between UPDRS scores decreases and the increases in BDNFTrkB signaling components at the end of the 4-week MIRT (i.e., [4-week MIRT]-[pre-MIRT]). A
decrease in UPDRS scores indicates clinical improvement. Notice that we found negative
correlations that is, the greater the decrease in UPDRS scores, the higher the enhancement of
BDNF-TrkB signaling. We did not find significant correlations with TrkB 95KDa and downstream
components of the cascade (pT/pY-ERK2, PS-Akt1).
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3.3.

Discussion

The primary and novel result of these studies is that in patients with PD, a four-week MIRT upregulates BDNF-TrkB signaling in the peripheral lymphocytes at the levels of the receptor,
intracellular mediators and downstream effectors. Importantly, these effects were not mediated by
increases in the abundance of TrkB and its signaling mediators, since there were no detectable
changes in the expression levels of any components in the BDNF-TrkB signaling cascade. This
indicates that the four-week MIRT fosters a more efficient BDNF- TrkB signaling in lymphocytes
possibly by enhancing BDNF affinity for TrkB (Wang et al., 2011). Second, the enhancement of
BDNF-TrkB signaling was already present after two weeks of MIRT and further increased at the
completion of the treatment. Finally, as in the previous MIRT studies (Frazzitta et al., 2010; 2012a;
2012b; 2012c; 2013a; 2013b; 2013c; 2015a; 2015b), motor and non-motor functions improved after
the four-week treatment, despite unchanged pharmacological therapy. The new finding is that TrkB
signaling enhancement significantly correlated with improvements in the total UPDRS scores and
in the activity of daily living, suggesting that the changes in BDNF-TrkB signaling produced a
generalized improvement rather than a focal effect on one or a few motor or non-motor signs. This
type of general effect seems in accord with the benefit of aerobic exercise on multiple functions
(Kramer and Erickson, 2007). While this study did not include a no-exercise group of patients with
PD, it is unlikely that the changes we found are related to the mere passage of time, as suggested by
the results of previous studies (Wang et al., 2011). In addition, in the present study, the changes
through the three time points were progressive and in the same direction of increased TrkB
signaling. Based upon these considerations, it is plausible that the changes in lymphocyte BDNFTrKB signaling are the effects deriving from MIRT and not by the passage of time. Indeed, future
studies are warranted to address directly this point.
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It is well established that, in neural cells, the activation of the BDNF-TrkB signaling facilitates LTP
by triggering phosphorylation and expression of proteins that are markers of synaptic plasticity (Ma
et al., 2013). However, the roles of TrkB signaling and TrkB-NMDAR interaction in immune cells
are far from being completely understood. BDNF-TrkB signaling seems to be critical in the early Tcells development in that it promotes both survival of the precursors and further differentiation of
the thymocytes throughout the T-cell differentiation pathway (Maroder et al., 1996; Garcia-Suarez
et al, 2002). TrkB signaling is also necessary for normal B-cells development in the bone marrow
(Schuhmann et al., 2005). It is then plausible that BDNF-TrkB signaling in immune cells might be
used to promote cells proliferation and differentiation. TrkB-NMDAR interaction, on the other
hand, appears to regulate lymphocyte cytokines production (e.g., interleukins, IFN- γ) that, in turn,
modulates astrocytes and microglia activation and promotes glutamate clearance after neural
damage (Mashkina et al., 2010; Pacheco et al., 2007). It has also been shown that NMDAR is
expressed in the lymphocytes that infiltrate the brain lesion sites (Mashkina et al., 2010). In our
study, significant changes for BDNF-TrkB signaling but not for TrkB-NMDAR interaction were
present already after two weeks of treatment, as indicated by the association of NR1 with TrkB.
This finding suggests that the enhancement of TrkB signaling precedes the increases in TrkBNMDAR interaction. Thus, a possible interpretation of the present findings is that the MIRTinduced up-regulation of TrkB signaling and TrkB-NMDAR association in lymphocytes may reflect
anti- inflammatory or other processes that in turn promote neurorestoration and recovery of
function. Indeed, the results of some studies indicate that inflammation and microglia activation
occur in PD (Chao et al., 2014). Increased levels of proinflammatory cytokines are present in the
serum, spinal fluid and nigrostriatal regions of patients with PD together with activated microglia
surrounding dopaminergic neurons and infiltrated peripheral leukocytes (Chao et al., 2014). In
support of this interpretation, recent studies showed that the motor recovery after 636

hydroxydopamine-induced lesions was delayed in rats with genetically induced lymphocyte
deficiency compared to wild-type rats (Wheeler et al., 2014). Nevertheless, further studies are
needed to verify whether this is a possible scenario and to define the cascade of effects triggered by
the activation of BDNF- TrkB signaling and TrkB-NMDAR association in the lymphocytes. The
likelihood of interactions between cortex and lymphocytes in this context has found further support
by the recent discovery of a central nervous lymphatic system ( Louveau et al., 2015).
Regardless of their precise functions in the lymphocyte, BDNF-TrkB signaling in lymphocytes and
in neural cells are highly correlated, as we recently found that they both respond to multiple
sessions of rTMS, a treatment that increases LTP-like plasticity (Wang et al., 2011). Because of this
correlation, we concluded that the enhancement of BDNF-TrkB signaling in the lymphocyte
reflects, at least in part, an increase in LTP-related phenomena at the cortical level (Wang et al.,
2011). Therefore, based upon those conclusions, one might interpret the present data and speculate
that MIRT-induced upregulation of the BDNF-TrkB pathway may also occur at cortical level, with
an effect on the mechanisms promoting cortical plasticity. Indeed, preliminary results of ongoing
electrophysiological studies in our labs show an increase of LTP-like plasticity at the cortical level
on a small number of patients that underwent MIRT (Frazzitta, Ghilardi and Quartarone,
unpublished data). Nevertheless, caution is needed to interpret these data, as further studies are
needed to prove any scenario correct.
In summary, the main result of the present study is that MIRT enhances BDNF-TrkB signaling in
lymphocytes of patients with PD, an increase that parallels their improvement in clinical scores.
Further studies are needed to define the relationship between these two findings and to determine
the mechanisms that link immunity, plasticity and recovery of function in PD.
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CHAPTER FOUR

Mechanisms of Dance in the Rehabilitation of Neurodegenerative Conditions
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4.1.

Background

Dance is an intensively multimodal activity, involving memory, visual-spatial awareness,
kinesthetic and vestibular information, motor imagery, touch, imagination, timing, and
musical/social element. Dance practices combine the physiological benefits of exercise with high
cognitive demand (Bläsing et al., 2012), positive social interaction (McGill et al., 2014), and the use
complex imagery, both motor (Di Nota et al., 2017) and creative (Batson and Setler, 2017). Various
studies have focused on changes in motor performance after several weeks of dance training in
patients with Parkinson’s Disease (PD), showing increased balance (Hackney and Earhart, 2009a,
2010; Duncan and Earhart, 2012; Volpe et al., 2013; Houston and McGill, 2013; Sharp and Hewitt,
2014), functional mobility (Volpe et al., 2013; de Natale et al., 2017), gait velocity (Hackney and
Earhart, 2009a, 2010; Duncan and Earhart, 2012; Sharp and Hewitt, 2014; de Natale et al., 2017;
Kunkel et al., 2017), and decreased freezing of gait (Duncan and Earhart, 2012; Volpe et al., 2013).
Further, additional studies have shown improvements in cognition (McKee and Hackney, 2013;
Hashimoto et al., 2015; de Natale et al., 2017), mood (Hackney and Earhart, 2010; Hashimoto et al.,
2015; Kunkel et al., 2017), quality of life (Heiberger et al., 2011; Volpe et al., 2013; Sharp and
Hewitt, 2014; Westheimer et al., 2015), self-efficacy (Koch et al., 2016), participation and socialconnectedness (Foster et al., 2013; Houston and McGill, 2013; Rocha et al., 2017).
Dance programs specifically for PD include those using adapted tango, Dance for Parkinson’s (DfP
- now offered in 24 countries around the world https://danceforparkinsons.org/), and initiatives by
professional dance organizations such as Mark Morris Dance Center in New York, English National
Ballet in London, Houston Ballet in Texas, Queensland Ballet in Australia, and Les Grands Ballets
in Montreal, Canada. In Toronto, a pilot study conducted by members of our group, in conjunction
with National Ballet School’s Dancing with Parkinson’s program, investigates the neurobiological
correlates of improvements in motor and non-motor symptoms. Participants commonly report that
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their Parkinson’s symptoms seem to diminish in conjunction with the dance classes, impressions
supported by results on behavioral tests (Bearss et al., 2017), which have inspired our search to
learn more about the neuroplastic changes, and related behavioral and symptomatic improvements,
that seem possible with dance.
Why and how, precisely, can participation in dance produce these benefits, or at the very least, be
linked to experiences reported by participants of reduction in the severity of symptoms? The next
sections explore various possible mechanisms through which dance elicits improvements in
neurological function, particularly where this has been compromised by neurodegeneration.
4.2.

Mechanism One: Motor Control: Internally/Externally Guided Movements

PD is a neurodegenerative disorder which impairs motor, cognitive and autonomic function. As
both alternative therapy and as an adjuvant to conventional approaches, several types of movement
used in a rehabilitative context (e.g., partnered and solo dance, tandem biking, boxing and Tai Chi)
have been shown to improve motor symptoms, lower limb control, and postural stability in people
with PD. While these programs are gaining popularity, the neural mechanisms underlying motor
improvements attained with these interventions, particularly partnered dance, are unclear. Studying
motor control under task-specific contexts can help determine the mechanisms of rehabilitation
effectiveness.
Both internally guided (IG) and externally guided (EG) movement strategies have evidence to
support their use in rehabilitative programs. Yet, there appears to be a degree of differentiation in
the neural substrates involved in IG vs. EG designs. Because of the potential task-specific benefits
of rhythmic training within a rehabilitative context, here we consider the use of IG and EG
movement strategies in a dance context.
Culturally, and historically, individuals have chosen to dance either the leader or follower role in
partnered dance, usually as per gender role. In adapted tango, which has been shown to improve
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motor, cognitive and psychosocial function in people with PD (Hackney et al., 2007; Hackney and
Earhart, 2009b; Hackney and Earhart, 2010; McKee and Hackney, 2013), participants use one of
two motor training approaches: a) leading, consisting of primarily internally guiding (IG) motor
plans, i.e., determining direction, timing and amplitude of steps and b) following, i.e., responding to
external tactile guidance (EG). Because Adapted Tango (AT) dancing is improvisational, the step
patterns are not choreographed, and therefore are not known beforehand by the follower and often
determined in real-time by the leader from a large range of possible steps. As such, the
communication via tactile cues is very important for the dance to happen. The leading role differs
from the following role in that the neural networks underlying self-initiated IG movement and cued
EG movement are distinct and subject to PD-specific pathology (Sen et al., 2010).
The benefits of externally guided movement are known. When following in partnered dance,
participants focus on external cues, which may access alternative pathways that assist the basal
ganglia. External cues access alternate neural pathways that are relatively intact in individuals with
PD, including the cerebellar-thalamic-cortical (CTC) network involving the cerebellum,
somatosensory cortex and ventral premotor areas (Sen et al., 2010). In healthy adults, external
cueing recruit sensory response networks interposed with motor execution regions operating in a
feedback and match to target mode. These include the cerebellum for titration of movement of the
lower extremity and cortico-cerebellar pathways to facilitate conscious control. In PD, this CTC
system is overly active due to bradykinesia and difficulty in matching response to target as
appropriate.
While some evidence has demonstrated that external cues contribute to motor blocks (Bloem et al.,
2004), overwhelming evidence demonstrates benefits of external cueing in behavioral studies,
(Rocha et al., 2014). Audio-visual cueing strategies have improved stride length, and velocity in
people with PD (Mak et al., 2013). Visual EG strategies have improved movement initiation (Jiang
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et al., 2006) and motor imagery in PD (Heremans et al., 2012). People with PD have faster reaction
times to an auditory cue (Ballanger et al., 2006). However, it is unclear which types of cue
(auditory, visual, attentional, somatosensory (tactile)) should be delivered and in what
combinations.
Coordinating movement with external cues demands continuous state monitoring (postural, visual,
positional, auditory, etc.). People with PD have increased pedaling rate under auditory and visual
conditions, but the visual cue works only if patients are told to pay attention to the visual cue
(Gallagher et al., 2016). People with PD may be able to benefit from attentional or auditory cues,
but not necessarily from a combination (Gallagher et al., 2016; Lohnes and Earhart, 2011). Freezing
of gait can be prevented by auditory cueing during turning, but the cues must always be present to
be effective (Spildooren et al., 2012). These findings indicate that further research is necessary to
determine which type of cueing is most favorable, in what combinations and for whom.
Tactile cues have received far less attention than auditory or visual cues. Yet, tactile cues (like those
conveyed from leader to follower in partnered dance) may be processed faster, with less attentional
demand, and more efficiently than visual and auditory cueing. Fortunately, somatosensory
integration mechanisms for prioritizing tactile and proprioceptive feedback have been shown to not
be disrupted by PD (Rabin et al., 2010). Further, somatosensory cueing can supersede visual
distractors (van Wegen et al., 2006). Using haptic speed cues from a moving handrail, people with
PD walked faster by spontaneously (ie, without specific instruction) increasing stride length without
altering cadence (Rabin et al., 2015). Tactile cues (delivered via a smartphone) have decreased
timing errors during a dual task scenario (Ivkovic et al., 2016). Rhythmic somatosensory cues are
helpful in increasing turning speed and may be more effective than visual cues (Nieuwboer et al.,
2009). Interestingly, research has shown that humans can abstract metric structure (pattern of
beats) from tactile rhythms as efficiently as from identical auditory patterns, (Brochard et al., 2008),
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which followers accomplish in AT, when receiving and responding to the step timing information
conveyed with touch cues by the leader. As such, the efficacy for motor outcomes of responding to
tactile cues in a partnered dance context should be assessed.
Internally Guided movement. Leading involves a movement strategy that demands increased
cognitive focus on movement plans, i.e., actual step parameters related to direction, timing and
magnitude. Leading requires planning, prioritizing, updating and goal selection, which are
executive functions (Lezak et al., 2004). Proper completion of IG movements relies on efficient
function of subcortical loops involving the basal ganglia (Alexander et al., 1986). In healthy
individuals, IG behaviors rely on the fact that many aspects of normal movement are automatically
performed. However, automaticity is often impaired in individuals with PD. Because of the
impairment in IG movement, leading may be especially challenging for people with PD and
particularly for individuals with cognitive impairment. Due to dysfunction of the striato-thalamocortical (STC) circuit, people with PD have particular difficulty with self-initiated tasks (Wu et al.,
2011). IG movements require timing characteristics to drive motor output. This timing is largely
driven by caudate and subcortical interaction with motor planning and execution regions. Given the
disruption in dopaminergic communication within the basal ganglia, PD patients have extreme
difficulty in maintaining internal timing patterns reliant on basal ganglia function. As a result, PD
patients are more likely to engage EG-related circuits to assist in task execution. Indeed, over time,
the cerebellar-thalamo-cortical (CTC) circuit is increasingly recruited to perform IG tasks (Sen et
al., 2010). In healthy individuals, IG behaviors benefit from normal automaticity of movement. But
even in early PD, the loss of dopamine in the dorsal putamen leads to diminished automaticity and
requires continually increased cognitive control of motor function (Petzinger et al., 2013). This
cognitive control used while planning and selecting movements (an IG strategy) in a motor
rehabilitative setting, can provisionally address automaticity loss (Morris et al., 2009). For example,
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focusing on critical but simple movement aspects (e.g., longer steps, quicker movements) helps
individuals with PD to achieve nearly normal speed and amplitude of movement (Fox et al., 2012).
Compensatory neural areas are hypothesized to be the CTC as well as frontal areas, including the
dorsal-lateral prefrontal cortex (Sen et al., 2010). The relationship between robust function of these
compensatory areas and degeneration related to cognitive impairment is largely unknown.
In partnered dances such as AT, leaders use tactile cues to convey movement parameters, and must
at least partially, engage in an IG strategy to do so. Ecologically speaking, human movement is
rarely, if ever, purely IG or EG, whether in the case of daily activities or in rehabilitative settings.
That said, knowledge regarding task specificity of each training will allow us to determine the
generalizability of the training, i.e., does IG training translate into enhanced performance on IG
tasks and EG tasks, or just IG tasks? Determining the beneficial and most effective qualities and
outcomes of IG and EG motor training could inform dance rehabilitation particularly for largely
intractable conditions like PD.
4.3.

Mechanism Two: Aesthetic Experience, Emotion, and Intrinsic Networks

While there are clear relationships between cognition/affect and motor manifestations of
Parkinson’s Disease, this has been underappreciated by the scientific community in existing studies
involving dance. Dance requires a bidirectional relationship between the cognitive-affective and the
motor systems, in which both cognition and affect are expressed through movement, and conversely
movement produces impressions that elicit cognitive and affective responses (Koch and Fuchs,
2011). In this (artistic) context, functional limitations are approached with curiosity and interest,
rather than with apprehension and concern (Butt, 2017).
The manifestation of motor symptoms in PD has been investigated under both cognitive and
emotional load, including postural control, balance, freezing of gait, and bradykinesia. Adkin et al.
(2003) found that balance in patients with PD could be predicted by fear of falling, postural and gait
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measures. Importantly, postural and gait assessment alone could not equally predict balance
performance. An interaction between postural control and fear of falling was confirmed by a later
study (Franchignoni et al., 2005), which reported a positive correlation between PDQ-39 scores,
expressing the overall health concerns of individuals with PD, and fear of falling scores, which
similarly deal with a self-perceived functional status. Thus, the perception of dysfunction may be
linked to self-referential processing including fear and anxiety, which in turn may actively
contribute to the motor dysfunction (Ehgoetz Martens et al., 2014).
Naugle et al. (2012), showed that exposure to emotional stimuli from different categories (i.e.,
erotica, happy people, mutilation, contamination, attack) had effects on both anticipatory postural
adjustments and gait speed in people with PD. Further, gait initiation was evaluated in response to
emotional stimuli in patients with or without freezing of gait (FOG) (Lagravinese et al., 2018).
Participants were asked to step forward or backward in response to a pleasant or unpleasant visual
stimulus, respectively. The task included conditions with different cognitive load (stimulusresponse congruence or incongruence), as well as opposite affective valence (positive or negative).
Longer reaction times and shorter steps were observed in response to incongruent/unpleasant
condition (stepping forward, toward an unpleasant stimulus). Further, the study determined a
correlation between reaction times induced by unpleasant stimuli and FOG frequency, underlying
the effect of emotional load on step preparation and execution.
These results have been interpreted in relation to approach/avoidance behavior, which is understood
as being directed toward life-sustaining, and away from life-threatening, stimuli. Importantly, the
basal ganglia play a central role as gatekeepers in both approach motivation (Ikemoto et al., 2015)
and avoidance responses (Hormigo et al., 2016). However, the effects of emotional states on motor
performance may be mediated by both subcortical and cortical processes. Our current understanding
of the functional organization of the brain has moved from assumptions of modularity and
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topographical distribution of faculties towards an approach that considers cognition as the result of
dynamic interactions between brain regions that are intrinsically connected, and operate in largescale networks (Bressler and Menon, 2010; Barret et al., 2013). Emotions, either manipulated
experimentally or occurring spontaneously, can be conceptualized as mental events originated by
intrinsic brain networks activities and their interactions (Barret et al., 2013).
Three core functional networks in the human brain have been implied in both higher cognition and
emotional processing: the central executive (CEN), salience (SN) and default mode or
“mentalizing” networks (DMN) (Bressler and Menon, 2010; Barret et al., 2013). The CEN and
DMN appear to have antagonistic responses across different paradigms, as the CEN is involved in
mediating attention to external stimuli (i.e., task-related attention and working memory), while the
DMN is implicated in attention toward an “internal” world, as in self-related cognitive activity (e.g.,
autobiographical memory), future-oriented thinking, moral cognition and reasoning (Barret et al.,
2013). Notably, the SN is thought to mediate the transition between the DMN and CEN activation,
switching attentional resources from “internal” to “external” events, and vice versa (Barret et al.,
2013).
In healthy individuals at rest, the DMN is more active than the SN and CEN, as both the SN and
CEN appear to activate during cognitively demanding tasks, outlining a positive SN-CEN
correlation that has been linked to higher working memory performance (Fang et al., 2016).
Individuals with PD exhibit a decreased SN-CEN coupling compared to healthy subjects, with
lower activation in limbic structures in the SN (i.e., right fronto-insular cortex), implicated in
subjective feeling and emotional self-awareness, and correlated with higher depression scores
(Chang et al., 2018). Further, there is evidence of abnormally higher DMN connectivity in PD (Yao
et al., 2014), which positively correlates with rumination tendencies in healthy young adults (Luo et
al., 2016). Also, a decreased negative correlation between the DMN and both the CEN and SN
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(Bressler and Menon, 2010) has been described, and is linked to decreased cognitive performance
in PD (e.g., executive functioning, psychomotor speed, and verbal memory) (Putcha et al., 2016). In
summary, individuals with PD exhibit hypoactivity in the SN associated with depression (Chang et
al., 2018), hyperactivity in the DMN linked to increased self-referential processing (Yao et al.,
2014), and hypoactivity in the CEN, with reduced SN-DMN anti-correlation connected to cognitive
dysfunction (Putcha et al., 2016). Importantly, abnormalities in the SN have been also described in
major depression, substance use, and anxiety disorders, as well as schizophrenia, eating disorders
(Peters et al., 2016), and post-traumatic stress disorder (Yehuda et al., 2015). Peters et al. (2016)
suggest that the restoration of SN circuits that involve both cortical and subcortical structures (i.e.,
striatum and thalamus) may be a key to address pathological feature in these disorders.
Here we speculate about a therapeutic mechanism that is inclusive of both the network
abnormalities observed in PD and recently developed concepts in “neuro-aesthetics,” a field that
investigates experiences ranging from sensation and perception, to action, emotion, self-reflection,
knowledge, context and meaning (Chatterjee and Vartanian, 2014). Interestingly, preliminary
observations in this field have brought researchers to identify the role of the DMN in aesthetic
experience, where the DMN becomes more active while the CEN is switched off (Vessel et al.,
2012). This view supports a non-practical mode of experiencing art, in which perceived sensory
information and self-referential mentation are strictly connected. However, Brincker (2015) argues
that the asymmetric relationship between perceiver and perceived, perhaps experienced when
visiting an art museum, is linked to a non-goal-directed attitude, which may not fully account for
the sensorimotor experience of literally “being moved” by the artwork. Thus, Brincker outlines an
alternative model, called “aesthetic stance,” to account for the process of becoming a “beholder,”
which involves motor, contextual and dynamic responses, that overcome the limited view of an
executive function halt.
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A new framework for creative arts’ therapeutic factors has been recently articulated in the context
of both art making and experience (Koch, 2017). In the “embodied aesthetics” model (Koch, 2017),
impression and expression, perception and action, are part of a dynamic interaction. The moving
body and the environment play a central role in determining choices and actions aimed toward
creating and, in the case of dance, becoming art objects or extensions (Koch and Fuchs, 2011).
Both these models, aesthetic stance and embodied aesthetics, invite us to consider salience and
emotional features, tightly linked to executive influence, during aesthetic experiences, which is
arguably particularly relevant in performing arts, like dance.
In Dance for PD (https://danceforparkinsons.org/), a successful program offering classes to the PD
community since 2001, participants are referred to as dancers, rather than patients, and are
encouraged to move through poetic language, metaphors and evocative music (Butt, 2017). It is
crucial to understand the role of the aesthetic experiences, such as moving one’s arms “like a swan”
(Butt, 2017), not only as passive observes, but as active agents. Here, we speculate that dance may
benefit people with PD by activating the otherwise hypoactive SN, “normalizing” the SN activation
(Peters et al., 2016), motivating participant to move by increasing activity in the SN, while restoring
cognitive control through a strengthened SN-CEN coupling.
4.4.

Mechanism Three: Motor Learning Using Multisensory Networks Causes Plasticity
Changes

Coordinating movement with music, expression, and other dancers requires the use of fine cognitive
strategies (Bläsing et al., 2012). The cognitive benefits reported in association with dance programs
for PD (Houston and McGill, 2015; Westheimer et al., 2015) are just one aspect of the growing
body of literature investigating the cognitive effects of dance for an aging population (Kimura and
Hozumi, 2012; Kattenstroth et al., 2013; Hackney et al., 2015). To better understand the
mechanisms involved in these improvements, we turn to the study of expert-level dancers, and
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suggest how observed neurophysiological differences, such as altered distribution of white and grey
matter (Hänggi et al., 2010) may be linked with the improved outcomes associated with dance
interventions for clinical populations. Other differences between dancers and non-dancers include
evidence that experts create different mental representations in long-term memory, related to
phrasing of movement (Bläsing et al., 2009) these differences may contribute to enhanced motor
control and be linked to cognitive improvements. Studies involving experts demonstrate that dance
can and does lead to increased/altered structural and functional connectivity, which has important
implications for dance-based neurorehabilitation. From the study of differences and learninginduced plasticity in experts, we propose a model of how network dynamics may be involved in the
improvement of symptoms associated with chronic and neurodegenerative conditions.
Our group (http://www.joeLAB.com) is developing methods to examine how multisensory signals,
attention, and practiced motor preparation are used in learning and executing dance. In our fMRI
studies, participants learn choreography in the studio and then visualize the learned movements
while in an MRI accompanied by the associated music, at various stages of learning (before, early,
performance, 8-months) (Bar and DeSouza 2016). When investigating questions related to
movement, such as dance, subjects are often requested to imagine performing the movements, as it
has been determined that visualization uses same/similar brain regions and processes as actual
engagement in the activity (Cross et al., 2006).
To investigate the neural networks involved in learning a ballet choreography associated with a
novel piece of music (Bar and DeSouza, 2016), subjects were scanned up to four times using fMRI
over a period of 8 months (to date, we have now scanned 18 professional dancers from the National
Ballet of Canada, 12 controls and 10 people with PD). All subjects visualized dancing to a oneminute piece of music during an 8-minute fMRI scan (Bar and DeSouza, 2016). Our published
analyses used the general linear model (p<0.05, corrected for multiple comparisons) to probe
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learning across brain regions within supplementary motor area (SMA), auditory cortical regions and
dorsal premotor (PMd) regions. Utilizing a motor localizer to examine motor regions not activated
during dance visualization at the very conservative threshold (Bonf p<0.05), we found the SMA
region to fit most of the variance for the “inverted U-shape” for learning across time. We show that
basal ganglia areas (caudate and putamen) do not show this “inverted U-shape” thus not changing
across time (before, early, performance, 8-months). There was a significant increase of BOLD
signal across the sessions in a network of brain regions which included bilateral auditory cortex and
supplementary motor cortex (SMA) over the first three imaging sessions, but a noted reduction in
these areas at the fourth session (34-weeks). This reduction in activity was not observed in basal
ganglia (caudate nucleus). This increase and decrease in BOLD signal over learning suggests that as
we learn a complex motor sequence in time to music, neuronal activity increases until the
movements have been mastered; the activity then decreases by 34-weeks, possibly a result of
overlearning and habit formation.
Another way we are probing network changes is through resting state electroencephalography
(rsEEG). We have measured changes in individual alpha peak power (iAPP) and alpha peak
frequency (iAPF) associated with various dance interventions, correlating these with other measures
related to quality of life, mental well-being, cognitive function, and motor behavior. We used this
method to investigate dance for PD and saw changes pre/post one 50-minute class, including motor
(improvements on BERG and TUG) (Levkov et al., 2014) and eventually lower depression scores
on GDS (unpublished) and on mood (Simone et al., 2016).
4.5.

Conclusion

Dance is pleasurable, rewarding, challenging, and provides access to unique learning strategies
related to neuroplasticity and rehabilitation. In comparison with exercise, dance provides a more
enriched environment, offers a greater degree of cognitive challenge, and shows a very high rate of
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adherence - people have reported that attending a dance is an inherently rewarding experience
(Kshtriya et al., 2015; Bar and DeSouza, 2016). The inclusion of sensory elements such as touch,
affective experiences, and social aspects and may contribute to this enjoyment, and enhance the
potential for the acquisition of new, flexible, and adaptive ways of moving in an environment. The
use of imagery, memory, narrative, and imagination lift people out of current circumstances and
transport them to a realm where they can experience themselves, as bodies, in an entirely new way.
While there is a growing body of literature addressing the potential for dance to improve symptoms
in neurodegenerative conditions (Bearss et al., 2017), the integrative, multimodal aspects of dance,
which may include improvisational elements (Batson et al., 2016; Olshansky et al., 2015), present
various research challenges. The models for mechanisms of effectiveness in dance proposed here
are associated with different research methods and strategies; we have presented these as possible
avenues for further investigation in the promising new field of research of the benefits associated
with dance.
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CHAPTER FIVE

Dance for Parkinson’s Effects on Affect, Self-Efficacy, Gait Symmetry and Dual Task
Performance
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5.1.

Background

Parkinson’s disease (PD) is a progressive neurodegenerative condition characterized by motor and
non-motor signs. The former include tremor, bradykinesia, rigidity, gait dysfunction, and postural
instability, while the latter might include depression, executive dysfunction, and sleep disorders. PD
has been associated with dopamine depletion in the nigrostriatal pathway, with a substantial loss of
pigmented dopaminergic cells in the substantia nigra pars compacta. The specific causes and
mechanisms of this relentless degeneration are not completely understood, and there is currently no
cure available besides pharmacological treatment to help patients coping with symptoms (palliative
care). Physical therapy and aerobic exercise interventions can be very helpful in promoting
mobility, reducing falls, and improving gait and balance (Frazzitta et al., 2013; Petzinger et al.,
2013). Since 2007, several studies investigated the effects of dance in the Parkinson’s population, as
dance practice has become increasingly popular among people living with PD.
In a 2-year follow-up study (Frazzitta et al., 2015), an intensive rehabilitation and exercise
treatment was found to slow down the progression of motor symptoms, reducing the need for an
incremental drug dosage overtime. In parallel to this study, there are preliminary indications that
dance can be disease-modifying over 3-years using UPDRS as a clinical marker (DeSouza and
Bearss, 2018). However, a phase 2 randomized clinical trial, Schenkman et al. (2018) emphasized
that high-intensity exercise (treadmill training) could modify disease severity in PD, while
moderate-intensity exercise had no effect. Thus, it remains to be understood why the reported
effects of dance practice on motor performance are so broad, since it’s rare that dance interventions
for people with PD reach high-intensity aerobic levels.
Most studies on the effects of dance in Parkinson’s focused on changes in motor performance,
showing increased balance (Hackney and Earhart, 2009; Hackney and Earhart, 2010; Duncan and
Earhart, 2012; Volpe et al., 2013; Houston and McGill, 2013; Sharp and Hewitt, 2014), improved
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sit-to-stand and timed-up-and-go performance, endurance and walking velocity (Volpe et al., 2013;
de Natale et al., 2017; Hackney and Earhart, 2009; Hackney and Earhart, 2010; Duncan and
Earhart, 2012; Sharp and Hewitt, 2014; Bearss et al., 2017; de Natale et al., 2017; Kunkel et al.,
2017), and reduction in freezing of gait after several weeks of dance training (Hackney et al., 2007;
Heiberger et al., 2011; Volpe et al., 2013).
Also, a few researchers have emphasized the importance of investigating non-motor effects of
dance practice in PD, such as cognitive, emotional, and social benefits (McGill et al., 2014; Ciantar
et al., 2019) showing changes in spatial cognition (McKee and Hackney, 2013; de Natale et al.
2017), mood (Hashimoto et al., 2015; Kunkel et al., 2017), quality of life (Bearss et al. 2017;
Westheimer et al., 2015), self-efficacy and identity (Koch et al., 2016), participation and socialconnectedness (Foster et al., 2013; Houston and McGill, 2013; Rocha et al., 2017). The range
between studies that focus on motor outcomes (Sharp and Hewitt, 2014) and non-motor outcomes
(McNeely et al., 2015) may reveal an attempt to understand the multifaceted implications of dance
as a behavioral intervention for people with PD. However, in separating these, a gap is introduced
in viewing dance as either primarily a form of exercise, thus the focus on motor outcomes, or a
form of psychosocial support, prioritizing non-motor effects, since the interplay between these
levels has been overlooked.
It is necessary to question what makes dance different from an exercise intervention of similar
intensity, which are the specific factors that may be responsible for its therapeutic role, and how
these factors may be relevant for people with PD.
Therefore, this study explores the hypothesis that dance, compared to an exercise intervention of
matched intensity, may yield different outcomes because of factors such as affect, body selfefficacy, and experience of beauty that are inherent in this artistic movement practice using the
same patients as their own controls. These features may be otherwise viewed as influencing the
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feasibility of the interventions and participants’ compliance. However, the specific relationship to
movement elicited by these elements inherent in dance may be responsible for the performance
improvement and the modulation of symptoms in people with PD. In particular, the study
hypothesis is that Dance for PD classes through the use of music, metaphorical language, and a
socially reinforced reality of grace and beauty may produce physiological, affective, self-efficacy,
and motor changes that differ from a matched-intensity exercise lacking these dance elements.
5.2.

Materials and Methods

5.2.1. Study Development and Ethical Approval
The present research constitutes a repeated-measure design study on the acute effects of a dance
class in people with Parkinson's Disease (PD). Four institutions participated in this study: The City
College of New York (CUNY), University of Brescia (Italy), York University (Toronto, Canada),
and The Mark Morris Dance Center (Brooklyn). The design and methodology of this study were
approved in February 2018 by The City College of New York Institutional Review Board (IRB).
5.2.2. Recruitment
The within-subjects study design focused on active members of the Dance for Parkinson’s
community at The Mark Morris Dance Center (MMDC), who regularly took part in the Dance for
PD classes. The subjects’ participation in this study was voluntary, and the subjects did not receive
any compensation. The inclusion criteria were an age between 55 and 85 and a diagnosis of
Parkinson’s Disease (PD) or Parkinsonism. The exclusion criteria were the abilities to understand
and communicate in English. During the data collection period, a total of 7 subjects were recruited,
stayed in the study and in the analyses. All 7 subjects completed the baseline assessment and were
tested for outcome measures at four time points, (i) before and (ii) after Dance for PD as well as (iii)
before and (iv) after a matched-intensity exercise condition. All 7 subjects completed self-reported
questionnaires on Positive and Negative Affect (PANAS-X) and on Body Self-Efficacy (BSE) at
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these four time points. Only 5 subjects completed the set of four physiological recordings (i.e., heart
rate and electrodermal activity), as well as 5 subjects successfully completed four assessments of
gait and dual task performance, due to subjects’ delays, device failures and/or malfunction.
5.2.3. Participants
Subjects’ baseline data were collected during an initial assessment, including PD duration, age,
Hoehn & Yahr stage, and Movement Disorder Society (MDS) Unified Parkinson's Disease Rating
Scale (UPDRS) scores (Table 5.1). The MDS-UPDRS scores comprise four sections: 1- Non-Motor
Aspects of Experiences of Daily Living (1A- Complex behaviors (6 items); 1B- Patient
Questionnaire (7 items)); 2- Motor Aspects of Experiences of Daily Living (13 items); 3- Motor
Examination (33 items); 4- Complications of Therapy (6 items). All MDS-UPDRS scores were
collected when subjects were ON their regular medication schedule. In one case, subject 7 was
tested during OFF time, a functional state associated with the medication wearing off.
Unfortunately, it was not possible to repeat the UPDRS 3 assessment, but it should be taken into
account that the UPDRS 3 score may not reflect the subject’s best motor performance.
Subject
PD
Age
ID
duration (years)
(years)
1
9.7
59.5
2
8.9
75.1
3
1.5
74.5
4
4.2
67.5
5
9.8
69.1
6
3.0
80.3
7
Mean
SD

3.6
5.8
3.5

74.0
71.4
6.7

Hoehn
&
Yahr
2
2
1
2
2
1

UPDRS
IA

UPDRS
IB

UPDRS
II

UPDRS
III

UPDRS
IV

2
5
2
11
1
1

10
8
10
6
14
2

24
19
9
34
25

1
1.6
0.5

13
5.0
5.0

7
8.1
3.8

7
9
5
7
6
2
4
5.7
2.3

4
7
0
0
4
0
1
2.3
2.8

6
20
19.6
9.6

TABLE 5.1. Demographic and clinical characteristics of the Dance for PD research group. Age was
calculated as (date of assessment-date of birth)/362.25. Hoehn & Yahr is reported to indicate the
stage of disease progression (0-5). SD: Standard Deviation.
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Table 5.2 shows the medication list for all subject with the exception of subject 3, who was the most
recently diagnosed, although not the youngest, and the only subject not currently treated with
levodopa, dopamine agonists or other dopamine-interacting drugs. Individuals who had PD for a
longer time (subject 1, 2, and 5) had higher MDS-UPDRS 3 scores, thus more pronounced motor
symptoms (Table 5.1). However, subject 4 showed the highest MDS-UPDRS 3 in this group and
was the participant who received the highest dose of medication (Table 5.2), despite of a relatively
shorter duration of the disease.
Subject
ID

Drug

Daily Dose
(mg)

Conversion
Factor

LED (mg)

1

Stalevo
Rasagiline
Amantadine
Rytary
Pramipexole
Amantadine
Stalevo
Rotigotine
Stalevo
Rotigotine
Sinemet
Sinemet CR
Sinemet

375
1
100
170
3
200
550
4
400
4
200
100
300

1.33
100
1
0.6
100
1
1.33
30
1.33
30
1
0.75
1

499
100
100
102
300
200
732
120
532
120
200
75
300

2
4
5
6
7

Total,
LEDD
(mg)
699
602
852
652
275
300

TABLE 5.2. Levodopa equivalent daily dose (LEDD) calculation. For drugs containing levodopa
and other active components (e.g., carbidopa), the levodopa amount is reported. The conversion
factors are shown, leading to the LED calculation following Tomlinson (2010) guidelines. Subject 3
is not reported since not currently treated with levodopa, dopamine agonists or other dopamineinteracting drugs.

Since this study investigated affective, self-efficacy related, and motor changes in response to two
different movement experiences (Dance for PD, matched-intensity exercise), other relevant baseline
characteristics were collected, including depression, cognitive, and gait scores (Table 5.3).
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Subject
ID
1
2
3
4
5
6
7
Mean
SD

BDI-II

MoCA

GFQ

FoG

6
8
7
6
12
2
14
7.9
4.0

26
25
26
30
27
27
24
26.4
1.9

15
12
1
6
4
1
3
6.0
5.5

8
10
0
2
2
0
1
3.3
4.0

TABLE 5.3. Other clinical scores of the Dance for PD research group. Beck Depression InventoryII (BDI-II) (21 items), Montreal Cognitive Assessment (MoCA), Gait and Falls Questionnaire
(GFQ) (16 items), Freezing of Gait score (FoG) (6 out of 16 GFQ items). SD: Standard Deviation.

Depressive symptoms were assessed using the Beck Depression Inventory-II (BDI-II) (Beck et al.,
1996). Individual scores indicate minimal depression (BDI-II score 0-13) with only one subject in
the range of mild depression (BDI-II score 14-19). The Montreal Cognitive Assessment (MoCA)
was used to screen the participants for mild cognitive impairment (MCI), as this tool is more
sensitive than the Mini-Mental State Examination in this population (Hoops et al., 2009). However,
it has been previously suggested that lower MoCA scores in PD patients may reflect worse
executive function performance rather than MCI (Chou et al., 2014), so in this study the MCI
screening cutoff point was set at 24/25 rather than 26/27 (Hoops et al., 2009). The average MoCA
score in this group was 26.4. (SD = 1.9), with one subject scoring 24 and every other subject above
that value. Finally, the self-reported Gait and Falls Questionnaire, and the related Freezing of Gait
score (Giladi et al., 2000), were collected to provide context to the subjects’ gait performance later
assessed through the 6-minute walking test (6MWT) and the Timed-Up-and-Go test (TUG).
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5.2.4. Dance for PD and Matched-Intensity Exercise
Our hypothesis is that a Dance for PD class would have different effects than a matched-intensity
exercise session lacking artistry. In this paper, the operational definition of artistry in the context of
Dance for PD classes includes the presence of music, the use of narrative and metaphorical
language, and a social reality of grace and beauty, reinforced by the presence of dance teachers and
a group of movers with PD who are addressed as “dancers.” These elements have been identified
from the embodied aesthetics model (Koch, 2017) which defines beauty, imagery, symbolization,
meaning making, self-efficacy, and community as active therapeutic factors of the art therapies.
To test this hypothesis, participants were scheduled on two different days within the same week. On
one day, participants sustained testing before and after a regular Dance for PD class. On a different
day, within the same week, testing was conducted before and after a matched-intensity exercise
session. Both classes took place between 2:15 pm and 3:30 pm at The Mark Morris Dance Center in
Brooklyn, NY. All participants were tested before and after both Dance for PD and matchedintensity exercise. However, the order of these two conditions could not be fully balanced due to the
participants schedule and availability. In particular, subjects 2 and 3 scheduled the matchedintensity exercise session two days before the Dance for PD class, while subjects 1, 4, 5, 6, and 7
returned two days after the Dance for PD class for the matched-intensity exercise condition and
testing.
Dance for PD classes have a specific structure, progressing from a seated warm-up to seated
dynamic sequences. The classes develop through (chair or barre) supported standing combinations
and lead up to traveling in space through the dance studio. Core values of these classes include
artistic excellence (the classes are taught by professional dancers and are accompanied by live
musicians), creative expression (movement combinations include narrative elements, metaphorical
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language, and musicality), and community engagement (participants are addressed as dancers and
are invited to move and connect through shared gesture and movement).
The matched-intensity exercise was designed to parallel the structure of a Dance for PD class,
mobilizing upper and lower joints while sitting on a chair, then transitioning to standing and finally
walking in space. Importantly, the intensity of both dance and exercise was assessed by Heart Rate
(HR) measurements, and Percentage Heart Rate Reserve (PHRR) calculation, to compare the
physical activity intensity levels of these sessions (Ignaszewski et a., 2017). Table 5.4 reports the
four-parts structure of the class (sitting upper body, sitting lower body, standing, and walking), each
part consisting of different movements focused on joints and limbs mobilization. Single movements
(e.g., spinal flexion) were initially presented and experienced through repetition, while later
composed in sequences of increased complexity (i.e., series of different movements in succession).
The subjects were welcome into a dance studio, set up at a table with a chair, and introduced to the
computer set up (Table 5.4).
Class Structure
Sitting - Upper
Body

Sitting - Lower
Body

Standing

Walking

Movement
Flexion and extension of the spine
Rotation and lateral flexion of the neck
Elevation, adduction and abduction of the scapula
Circumduction of the arms
Flexion and extension of the elbows
Circumduction of the wrists
Abduction and abduction of the hips
Medial and lateral rotation of the hips
Hip flexion
Flexion and extension of knees
Circumduction of the ankles
Dorsiflexion and plantar flexion of the feet
Standing up from sitting
Flexion and extension of knees
Extension of the toes
Abduction of one leg
Extension of hips
Lateral flexion of spine
Single side steps
Locomotion
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TABLE 5.4. Structure and presentation of the matched-intensity exercise condition. The class
included four parts (sitting - upper body, sitting - lower body, standing, walking), each part
consisting of different movements focused on joints and limbs mobilization. Single movements
were initially presented and later composed in sequences of increased complexity (i.e., series of
single movements in succession).
All participants completed the movement session following the prompts from a computer screen.
The class instructions, presented through both written language and images, told participants which
movement to perform (e.g., “turn”), which body part to engage (e.g., “the head”), in which spatial
direction (e.g., “to the right”), the number of repetitions involved (e.g., “you will repeat 10 times”),
and at which tempo to move through the beat provided by a metronome associated with the images
presented. The images included both stylized and real human bodies, drawn from the online UK
National Health Service (2018) physical activity guidelines for adults as well as from Bezner and
Rose (1989) adult exercise instruction sheets. These images are sources that people could access to
work out at home, as well as exercise routines frequently used by physical and occupational
therapists in older adult rehabilitation settings.
5.2.5. Outcome Measures
5.2.5.1.

Heart Rate

Heart rate was measured during both Dance for PD and matched-intensity exercise using the E4
wristband, a wearable device that can be placed on either wrist to record physiological and motion
features for a prolonged time (Empatica, 2018). The wristband includes four sensors for data
acquisition, providing photoplethysmogram (PPG), electrodermal activity (EDA), 3-axial
movement, and skin temperature (Garbarino et al., 2014). The PPG sensor has a non-customizable
sampling frequency of 64 Hz and employs an artifact removal technique that operates through a
combination of green and red light. These multiple wavelengths ensure accuracy when the wrist
activity observed though accelerometers are not reliable or significant (Empatica, 2018). The PPG
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sensor provides the blood volume pulse (BVP) from which heart rate (HR) was derived. To analyze
the E4 data, the Toolbox for Emotion Analysis using Physiological signals (TEAP) was employed in
Matlab (Version 9.5.0.944444, R2018b, The Mathworks, Inc., Natick, MA) enabling pre-processing
and extraction of features from the PPG signal (Soleymani et al., 2017). After PPG data were
imported, the BVP signal was acquired, and segments of 5 minutes (rest) and 60 minutes (activity)
were selected from the recording. The BVP signal was smoothed using a moving median with a 2
second window (i.e., 128-time points), to remove artifacts such as rapid shocks or other anomalies
(Peper et al., 2010). Consequently, the HR signal was extracted using the TEAP function
“BVP_feat_BPM”, in units of beats per min (BPM). From the HR signal, HR means were computed
at rest and during activity for both the Dance for PD and matched-intensity exercise conditions. In
order to compare the level of physical activity during the two conditions, Percentage Heart Rate
Reserve (PHRR) is computed as the ratio of the difference between HR at rest (HRrest) and HR
during physical activity (HRact) to the difference between HR at rest (HRrest) and maximum HR
(HRmax). HRmax was predicted using Tanaka’s formula 208 - (0.7 × age) (de Oliveira Segundo et
al., 2016).
5.2.5.2.

Electrodermal Activity

The E4 wristband is equipped with an Electrodermal Activity (EDA) sensor designed to measure
the electrical conductance of the skin in the ventral area of the wrist, with two stainless steel dry
electrodes that apply a small alternating current and measure the resulting current flow between
them. The EDA is measured in micro Siemens (μS) and sampled at a frequency of 4 Hz (Empatica,
2018). In general, the activity of sweat glands, innervated by the sympathetic nervous system,
determines the skin conductance values (Critchley, 2002). EDA analysis includes two components,
the overall skin conductance level (SCL), which is the tonic level of electrical conductivity of the
skin, and the skin conductance response (SCR), which comprises the phasic changes in electrical
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conductivity that may occur whether or not an identifiable stimulus is provided (Braithwaite et al.,
2015). The data was imported in Matlab (Version 9.5.0.944444, R2018b, The Mathworks, Inc.,
Natick, MA) and the raw EDA signal was cut to 60 minutes of activity, during either Dance for PD
or matched-intensity exercise. After applying a moving median smoothing to the raw EDA signal
(2 seconds window, i.e. 8-time points), the tonic features, including the overall skin conductance
level (SCL) and the amplitude of spontaneous fluctuations (SF) were computed. The spontaneous
fluctuations were derived by defining peaks in the signal as amplitude increases greater than 0.05
μS over an interval of 5 seconds or less (Braithwaite et al., 2015).
5.2.5.3.

Affect, Self-Efficacy, Beauty

The Positive and Negative Affect Schedule (PANAS-X) is a self-reported questionnaire that can be
completed in 8-10 minutes by most subjects (Watson and Clark,1994). It comprises 60-items, terms
describing different moods, to provide measurements of two general dimensions of affect (General
Negative Affect, GNA; General Positive Affect, GPA), as well as four complex affective states
(shyness, fatigue, serenity, and surprise). In this study, the subjects were instructed to indicate the
extent to which they felt a specific mood in the present moment, using a 5-point Likert scale to
report their answer (1 = very slightly or not at all, 2 = a little, 3 = moderately, 4 = quite a bit, 5 =
extremely). The PANAS-X was administered both before and after the Dance for PD class as well
as before and after the matched-intensity exercise condition. In tandem with this questionnaire, the
subjects were asked to fill in another self-reported questionnaire on Body Self Eﬃcacy (BSE)
(Fuchs and Koch, 2014). This 10-item scale measures the subjective perception of one own bodily
ability (e.g., “I can move well” or “I can express myself in movement” vs “I have many bodily
constraints” or “My body is lifeless and inert/numb”). The subjects were asked to answer how each
statement applied to them in the present moment, rating their responses from zero to five (0 = does
not apply at all, 5 = applies exactly). The items include two accounts that constitute a sub63

dimension on aesthetic experience, which state “My movements are beautiful” and “I can move
elegantly/with grace” (Koch et al., 2016). Four reports were collected for each subject, both before
and after Dance as well as before and after matched-intensity exercise.
5.2.5.4.

Gait performance during the 6-minute walking test

G-WALK is a portable system for functional assessment of movement, produced by BTS
Bioengineering (2016). This electronic device is also called an inertial measurement unit (IMU),
which provides quantitative data reports about acceleration, angular rate, and body orientation
through a combination of a) 3-axial accelerometers, a combination of three linear accelerometers
measuring acceleration along the x, y, and z-axis respectively; b) gyroscopes, sensing angular
velocity along each rotational axis; and c) magnetometers; providing the direction or heading of the
movement with respect to the Earth's magnetic field.
The G-WALK inertial system can perform and analyze six different commonly used clinical tests,
two of which are particularly relevant to PD patients’ assessment: the 6-minute walking test
(6MWT) to measure a patient's functional capacity (Bautmans et al., 2004), and the timed-up-andgo (TUG), for balance, mobility and risk of fall assessment (Podsiadlo and Richardson, 1991;
Shumway-Cook et al., 2000). The device is intended to assess patients’ progress between admission
and discharge or to evaluate the degree of functional improvement that can be achieved with a
therapy session or a specific orthotic device.
To perform these tests, the sensor was connected via Bluetooth to the G-Studio software on a PC,
inserted into a belt, and placed in the back of the subject. Importantly, each test requires a specific
sensor position to ensure reliable data collection. In particular, the 6MWT is performed by placing
the sensor at S1-S2 level, the transition between lumbar and sacral vertebrae, while the TUG
requires sensor at L2 level, right below the transition between thoracic and lumbar vertebrae (i.e.,
under the superior lumbar L1 vertebrae).
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All subjects were able to walk without physical assistance or assistive devices. To collect the
6MWT data, the subjects begun by standing still, allowing for the device stabilization, then started
to walk at a comfortable pace for six consecutive minutes, along a 10-meters linear path, turning
180° at the two peripheral points. When the test terminated, at the end of the six minutes, the
performance report was saved. The subjects repeated this test before and after Dance for PD, as
well as before and after the matched-intensity exercise condition, generating four reports for each
subject. The 6MWT reports provide values of velocity (m/s) as the average walking speed, cadence
(steps/min) as the average number of steps per minute, stride cycle length (m) as the average
distance covered from one initial contact to the next on the same side, as well as the symmetry
index (%) which provides a comparison of the anteroposterior acceleration between the right and
left gait cycles.
5.2.5.5.

Dual Task Performance with the Timed-Up-and-Go test

The TUG test is used as a tool for the assessment of lower limb mobility and function, as well as
fall risk, with subjects walking at their normal pace (Podsiadlo and Richardson, 1991). A modified
version of the TUG test including a cognitive task (TUG-cog) was introduced to better predict the
fall risk in older adults (Shumway-Cook et al., 2000). In the TUG-cog test, subjects are instructed to
count backward by threes from a random number between 60 and 100.
To perform the TUG test, the subject started in a seated position, with both arms relaxed on the
thighs. The device stabilization phase took place with the subject seated in a static position and
relaxed. From this resting position, the subjects were instructed to stand up, walk 3 meters, turn
180° walk back to the seat, and sit down again. A piece of tape was placed on the floor at 3 meters
to be easily seen by the subject as reference. Participants were tested before and after Dance for PD
as well as before and after the matched-intensity exercise condition. Since the subjects were
wearing their regular footwear, they were asked to be consistent in the two testing days. At each of
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these four time-points, they were given a practice trial to rehearse the movement, followed by two
formal trials for the TUG test and two formal trials for the TUG-cog test. The average of the two
trials was analyzed for both TUG and TUG-cog.
An average score was calculated for single (TUG test) and dual task (TUG-cog), and then computed
the dual task cost (in seconds), which represents the extra time needed for the dual task
performance. Finally, the difference in dual task cost both before and after Dance for PD was
calculated, as well as before and after matched-intensity exercise.
5.2.6. Statistical Analysis
The comparison between Dance for PD and matched-intensity exercise was based on matched pairs
(every subject was tested for both conditions) leading to a series of differences (i.e., before-after
Dance for PD, before-after matched-intensity exercise). The Wilcoxon Rank-Sum test for paired
samples was employed to run the comparisons across conditions of the before-after differences in
Dance for PD and matched-intensity exercise, respectively. A sample of 5 subjects was analyzed for
both heart rate and electrodermal activity, while 7 subjects’ self-reported questionnaires on affect
and self-efficacy were examined. Also, 5 subjects were analyzed for the 6-minute walking test
(6MWT), as well as 5 subjects for the Timed-Up-and-Go test (TUG) with cognitive task (TUGcog). Importantly, The Wilcoxon Rank-Sum test is a non-parametric test that allows the comparison
between two related-groups (Dance for PD, matched-intensity exercise) with no assumption of
distribution or normality. Thus, the Wilcoxon Rank-Sum test allows comparison between the
before-after differences in Dance for PD and in matched-intensity exercise, offering a nonparametric alternative to repeated measures ANOVA when the statistical assumptions cannot be met
due to sample size (Oberfeld and Franke, 2013).
A correlation between electrodermal activity and general positive affect was calculated using
Spearman (ranked data) rather than Pearson (continuous data). Both statistics, Wilcoxon Rank-Sum
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test and Spearman correlation, were run on SPSS (IBM Corp. Released 2011. IBM SPSS Statistics
for Windows, Version 20.0. Armonk, NY: IBM Corp.).
5.3.

Results

5.3.1. Heart Rate (HR) and Electrodermal Activity (EDA)
The HR signal during 60 minutes of activity during Dance for PD and matched-intensity exercise,
for the five subjects recorded (subject 3,4,5,6,7) is plotted in Figure 5.1.

FIGURE 5.1: Heart Rate (HR) signal during 60 minutes of Dance for PD and matched-intensity
exercise. BPM: beats per minute.
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HR values are summarized in Table 5.5, reporting the average Heart Rate (HRact) during activity,
as well as the calculated percentage heart rate reserve (PHRR), during both conditions.

HRact (BPM)
Subject
ID

3
4
5
6
7
Mean
SD

PHRR

Dance for
PD

MatchedIntensity
Exercise

Dance for
PD

MatchedIntensity
Exercise

83.39
80.58
73.36
75.76
80.18
78.65
4.03

91.28
78.14
73.03
73.01
78.6
78.81
7.47

15.52
7.95
8.1
7.66
10.68
9.98
3.32

17.04
8.15
6.88
8.78
8.8
9.93
4.05

TABLE 5.5. Average Heart Rate (HRact) and Percentage Heart Rate Reserve (PHRR) during
Dance for PD and matched-intensity exercise for the five subjects who completed physiological
recordings. BPM: beats per minute; SD: Standard Deviation.

The PHRR values are below 30%, considered within the range of “very light” physical activity
(Ignaszewski et a., 2017). Importantly, the PHHR values are not significantly different between
Dance for PD and matched-intensity exercise (Z = -0.135, p = 0.893), as shown in Figure 5.2A.
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FIGURE 5.2: A. Percentage Heart Rate Reserve (PHRR) recorded during Dance for PD (DfPD)
and matched-intensity exercise (MIE). Average PHRR values are reported for both conditions with
standard errors in parenthesis. B. Electrodermal activity (Skin Conductance Level, SCL;
Spontaneous Fluctuations, SF) during Dance for PD (DfPD) and matched-intensity exercise (MIE).
Average SCL and SF values are reported for both conditions with standard error in parenthesis and
error bars.
Table 5.6 reports tonic electrodermal features (i.e., skin conductance level, spontaneous
fluctuations) computed from the EDA signal during both conditions (i.e., Dance for PD and
matched-intensity exercise) for five subjects. SCL mean amplitudes correspond to the sample mean
of the skin conductance signal (in μS) over 60 minutes. The mean amplitude of spontaneous
fluctuations (SF) are calculated from the peaks in the signal that occur over the same amount of
time. The mean SCL (Z = -2.023, p = 0.043) and SF amplitudes (Z = -2.032, p = 0.042) are
significantly higher during Dance for PD than during the matched-intensity exercise condition, as
reported in Figure 2B.
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Mean SCL (μS)
Subject
ID

Mean SF Amplitude (μS)

Dance for
PD

MatchedIntensity
Exercise

Dance for
PD

MatchedIntensity
Exercise

3
4
5
6
7

6.61
3.62
2.22
0.51
0.89

3.68
1.02
1.46
0.43
0.48

8.2
3.96
2.34
0.64
1.27

4.27
1.14
1.8
0.54
0.56

Mean

2.77

1.41

3.28

1.66

SD

2.47

1.34

3.02

1.55

TABLE 5.6. Mean Skin Conductance Level (SCL) and Spontaneous Fluctuations (SF) mean
amplitude for both Dance and matched-intensity exercise for the five subjects who completed
physiological recordings. SD: Standard Deviation.

5.3.2. Affect, Self-Efficacy, Experience of Beauty
Figure 5.3 shows the differences in self-reported PANAS-X scores for the two general dimensions
of affect (General Negative Affect, GNA; General Positive Affect, GPA) and other four complex
affective states (shyness, fatigue, serenity, and surprise). The item composition for these affective
constructs is reported in Table 5.7.
GNA (10)
GPA (10)
Shyness (4)
Fatigue (4)
Serenity (3)
Surprise (3)

afraid, scared, nervous, jittery, guilty,
ashamed, irritable, hostile, upset, distressed
active, alert, attentive, enthusiastic, excited,
inspired, interested, proud, strong, determined
shy, bashful, sheepish, timid
sleepy, tired, sluggish, drowsy
calm, relaxed, at ease
surprised, amazed, astonished

TABLE 5.7. Item Composition in the PANAS-X, Manual for the Positive and Negative Affect
Schedule (Watson and Clark, 1994). General Negative Affect (GNA), General Positive Affect
(GPA), Shyness, Fatigue, Surprise, and Serenity. In parentheses, the number of items defining each
scale.
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FIGURE 5.3: Differences in self-reported scores for the two general dimensions of affect (General
Negative Affect, GNA; General Positive Affect, GPA) and other four complex affective states
(shyness, fatigue, serenity, and surprise). The differences are calculated before and after Dance for
PD (DfPD) and matched-intensity exercise (MIE), respectively. (*) signifies a trend at p=0.061.The
PANAS-X score differences are reported as averages between seven subjects, with standard error in
parenthesis and error bars.
The differences are calculated before and after Dance for PD and matched-intensity exercise,
respectively. The average trend in GPA after Dance for PD is higher than after matched-intensity
exercise (Z = -1.873, p = 0.061 N.S.). The next closest trends were including surprise (Z = -1.476, p
= 0.140 N.S.), GNA (Z = -1.265, p = 0.206 N.S.), and shyness (Z = -0.962, p = 0.336 N.S.) but all
failed to reach significance. For the five subjects who completed both all PANAS-X self-reporting
and electrodermal activity recordings, Figure 5.4 reports the correlation between the levels of
General Positive Affect (GPA) reported after Dance for PD and the average Skin Conductance
Levels (SCL) recorded during the dance session (Spearman’s rho = 0.900, p = 0.037).
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FIGURE 5.4: Correlation between the General Positive Affect (GPA) self-reported scores after
Dance for PD and the average Skin Conductance Levels (SCL) recorded during the dance session.
The data reflects changes in the five subjects who completed both PANAS-X and electrodermal
recordings.
In parallel to self-reported affect, Figure 5.5 shows significant differences in Body Self-Efficacy
(BSE) along with changes in the beauty subscale, which focuses on 2 out of 10 BSE items. The
comparison between the two interventions reveals a significant increase in both BSE scores (Z = 2.371, p = 0.018) and beauty subscale scores, (Z = -2.121, p = 0.034) after Dance for PD compared
to matched-intensity exercise.

FIGURE 5.5: Differences in self-reported scores for Body Self-Efficacy (BSE) and the beauty
subscale, which captures 2 out of 10 BSE items. The differences are calculated before and after
Dance for PD (DfPD) and matched-intensity exercise (MIE), respectively. BSE score differences
are reported as averages between subjects, with standard error in parenthesis and error bars.
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5.3.3. Gait performance during the 6-minute walking test (6MWT)
Changes in mean velocity (Z = -1.490, p= 0.136 N.S.), mean cadence (Z = -1.095, p= 0.273 N.S.),
and mean stride cycle length (Z = -1.483, p= 0.138 N.S.) before and after Dance for PD are not
different than before and after matched-intensity exercise, as reported in Table 5.8.
Mean Velocity
(m/s)

Mean Cadence
(steps/min)

Stride Cycle
Length (m)

Subject
ID

Dance
for PD

MatchedIntensity
Exercise

Dance
for PD

MatchedIntensity
Exercise

Dance
for PD

MatchedIntensity
Exercise

1

0.29

0.02

2.20

-3.70

0.31

0.07

2

-0.10

-0.15

-4.20

-4.20

-0.07

-0.12

4

-0.02

0.02

-3.20

-0.90

0.00

0.03

5

0.02

0.01

2.00

1.50

0.00

-0.01

7

0.13

-0.14

9.10

0.30

0.04

-0.12

Mean

0.06

-0.05

1.18

-1.40

0.06

-0.03

SD

0.15

0.09

5.30

2.48

0.15

0.09

TABLE 5.8. Changes in Mean Velocity, Mean Cadence, and Mean Stride Cycle Length during the
6-minutes walking test (6MWT), calculated as differences before and after Dance for PD and
Matched-Intensity Exercise, respectively. SD: Standard Deviation.

Most importantly, Figure 5.6A illustrates the increases in symmetry index (%) values after Dance
for PD, in front of the decreases in symmetry index values after matched-intensity exercise, for each
subject. Figure 5.6B shows the statistically significant difference (Z = -2.032, p= 0.042) between the
average increase in symmetry index (%) across subjects following Dance for PD and the average
decrease across subjects following matched-intensity exercise.
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FIGURE 5.6: A. Symmetry index (%) values before and after Dance for PD and matched-intensity
exercise in five subjects (1 dark blue, 2 orange, 4 grey, 5 yellow, 7 light blue). Increases in
symmetry index indicate gait improvement. B. Averages across subjects of symmetry index values
before and after Dance for PD, as well as before and after matched-intensity exercise. Mean values
are reported, error bars indicate standard error (also in parenthesis). In red, the means across
subjects of the differences between before and after, for both Dance for PD and matched-intensity
exercise, with standard error in parenthesis.
5.3.4. Dual Task Performance with the Timed-Up-and-Go test (TUG)
Table 5.9 reports negative values representing decreases in dual task cost, which are decreases in the
slowing down of the motor performance due to the concurrent cognitive task, defining a more
efficient TUG performance. These values are reported separately for each of the following subphases of the Timed-Up-and-Go (TUG) test: sit-to-stand, delay before forward gait, forward gait,
mid turning, return gait, and end turning with stand to sit (computed together). The decreases in dual
task cost in each single subphase are not significantly larger after Dance for PD compared to the
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matched-intensity exercise, including the sit-to-stand phase (Z = -1.753, p = 0.080), delay before the
forward gait phase (Z = -1.753, p = 0.080), forward gait (Z = -1.214, p = 0.225), mid turning (Z =1.483, p = 0.138), return gait (Z = -1.405, p = 0.686), and end turning & stand-to-sit (Z = -1.214, p =
0.225).

Sit to Stand (s)
Subject ID
2
3
4
5
7
mean
SD

DfPD
-0.700
-0.245
-0.200
-0.005
-0.120
-0.254
0.265

MIE
-0.280
-0.300
-0.050
0.160
0.205
-0.053
0.237

Mid Turning (s)
Subject ID
2
3
4
5
7
mean
SD

DfPD
-0.520
-0.275
-0.450
-0.030
-0.905
-0.436
0.323

MIE
1.320
0.770
-0.380
-0.535
0.345
0.304
0.778

Delay before Forward
Gait (s)
DfPD
MIE
-0.020
2.010
0.040
1.040
0.140
0.080
-0.330
0.050
0.060
0.520
-0.022
0.740
0.181
0.816
Return Gait (s)
DfPD
-2.010
-0.595
-0.675
0.005
0.350
-0.585
0.903

MIE
-1.330
0.555
0.660
-0.405
-1.035
-0.311
0.903

Forward Gait (s)
DfPD
MIE
0.060
-3.220
-0.245
-0.210
0.080
-0.410
-0.325
0.140
0.165
-1.330
-0.053
-1.006
0.217
1.352
End Turning & Stand to
Sit (s)
DfPD
MIE
0.060
0.630
-2.475
-0.380
0.555
-0.185
0.065
0.350
-0.860
0.430
-0.531
0.169
1.201
0.430

TABLE 5.9: Changes in dual task cost (After-Before) intervention, in both Dance for PD (DfPD)
and matched-intensity exercise (MIE). Across subjects means and standard deviations (SD) in bold.

However, the overall decrease in dual task cost is significantly different following the two
interventions (Z = -2.023, p= 0.043). Figure 5.7A illustrates the decreases in dual task cost without
distinction between subphases. The decreases in dual task cost after Dance for PD are more
pronounced than after matched-intensity exercise. Figure 5.7B reports the dual task cost averages
across subjects before and after the two conditions, showing a larger decrease after Dance for PD
than matched-intensity exercise. The before and after differences, across subjects, representing the
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decreases in dual task cost, are significantly larger after Dance for PD than after matched-intensity
exercise.

FIGURE 5.7: A. Dual task cost (s) values before and after Dance for PD and matched-intensity
exercise in five subjects (2 dark blue, 3 orange, 4 grey, 5 yellow, 7 dotted light blue). Decreases in
dual task cost indicate performance improvement. B. Averages across subjects of dual task cost
values before and after Dance for PD, as well as before and after matched-intensity exercise. Mean
values are reported, error bars indicate standard error (also in parenthesis). In red, the means across
subjects of the differences between before and after for both Dance for PD and matched-intensity
exercise, with standard error in parenthesis.
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5.4.

Discussion

This study investigated the hypothesis that dance, compared to an exercise intervention of matched
intensity, may yield to different outcomes based on the artistic context of the movement experience
using the same patients as their own control subjects in the two different interventions. In particular,
Dance for PD classes may produce physiological, affective, self-efficacy related, and motor changes
that differ from a matched-intensity exercise session lacking artistry. The operational definition of
artistry, in light of the embodied aesthetics model (Koch, 2017) and in the context of Dance for PD
classes, included the use of music, of narrative and metaphorical language, and a social reality of
grace and beauty, reinforced by the presence of dance teachers and a group of movers with PD who
are addressed as “dancers.”
5.4.1. Participants
The subjects who participated in this study were at a stages I or II of the Hoehn & Yahr scale (Goetz
et al., 2004), although included a broad range of differences in terms of duration and clinical
manifestations of the disease (MDS-UPDRS score), age, and levodopa administration. Because of
the range of clinical characteristics in this population, the study was designed for within-subjects
pre-post comparisons, investigating whether within the same subject there could be observable
differences in response to a Dance for PD class and a matched-intensity exercise session. Although
this study did not include age-matched controls, future studies may question whether the described
effects of Dance for PD classes apply specifically to those with PD or may be extended to an aging
population in general.
5.4.2. Heart Rate (HR) and Electrodermal Activity (EDA)
Exercise prescriptions are defined by the frequency, intensity, duration, and type of exercise
(aerobic, resistance, flexibility and neuromuscular training) recommended to the patients
(Ignaszewski et al., 2017; Garber and Deschenes, 2017). This study compared the effects of a one77

time movement session (Dance for PD, matched-intensity exercise) of equal duration and type.
Importantly, the percentage heart rate response (PHRR) values were not significantly different
between Dance for PD and matched-intensity exercise, thus it is appropriate to consider these two
conditions equally demanding in terms of cardiovascular effort (Ignaszewski et al., 2017). Exercise
intensity did not change in the two interventions, with PHRR values below 30% which are
considered “very light” exercise (Ignaszewski et al., 2017), and the specific structure of the session
remained the same, from mobilizing upper and lower joints while sitting on a chair, then
transitioning to standing and finally walking in space.
However, electrodermal activity revealed differences between the two conditions, in terms of
changes in the average skin conductance level (SCL) and in the amplitude of spontaneous
fluctuations (SF). Significantly higher SCL and SF amplitude were observed during Dance for PD
than during matched-intensity exercise. Electrodermal activity depends on the sweat glands function
mediated by the sympathetic nervous system (Bach et al., 2010; Boucsein, 2012), which takes part
in the homeostatic process of thermoregulation, as well as it is modulated by psychological factors,
like emotional arousal and autonomic stress responses (Boucsein, 2012; Critchley, 2002). Evidence
of higher SCL and SF amplitude during Dance for PD than during matched-intensity exercise may
indicate increased sympathetic activation during Dance for PD. Importantly, skin conductance,
differently from heart rate, is modulated by sympathetic activity only. SCL provides a measure of
tonic electrodermal activity, while SFs represent phasic responses that occur without an identifiable
eliciting stimulus (Braithwaite et al., 2015). Since tonic conductance levels (SCL) are constantly
changing within-subjects, some researchers conclude that SCL alone is not sufficient to infer
emotional processing and sympathetic activity (Boucsein, 2012). Thus, increases in the frequency or
amplitude of phasic responses (SF) are commonly used to confirm increased background (tonic)
activity in high arousal situations (Braithwaite et al., 2015). Also, since both conditions share the
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same (“very light”) activity level, based on the PHRR analysis, it is unlikely that the activity of
sweat glands would be exercise-dependent, as both interventions may involve similar processes of
thermoregulation. Furthermore, the significant correlation between the general positive affect values
calculated after the Dance for PD sessions, reported through the PANAS-X questionnaire, and the
average skin conductance levels measured during the class (Figure 5.4) suggests that these
differences in electrodermal activity may be primarily attributed to emotional arousal. Because of
the limited size of this sample, it is necessary to collect further data in future studies in order to
confirm this correlation once in-person classes commence.
5.4.3. Affect, Self-Efficacy, Beauty
The impact of dance interventions on mood disturbances in PD, including depression, anxiety, and
apathy, has been previously reported by McNeely et al. (2015). Also, a recent systematic review
confirmed the effects of dance movement therapy in reducing depression in adults in general
(Karkou et al., 2019). In this study’s sample, subjects reported minimal to mild depressive
symptoms (Table 5.3), assessed through the Beck Depression Inventory-II (BDI-II) at baseline.
Importantly, depression is associated with both a reduction in positive affect, a broad dimension
including a range of pleasant emotions like joy, interest, enthusiasm, alertness and self-confidence,
as well as an increase in negative affect, including fear, anxiety, irritability, loneliness, hostility and
shame (Nutt et al., 2007). In this study, with only seven subjects filling out the self-reported
questionnaires, the trend of an increase in general positive affect (GPA) after Dance for PD failed to
reach significance in front of the average decrease in GPA after matched-intensity exercise (Figure
5.3). However, GPA after Dance for PD was positively correlated with skin conductance levels
during dance, which was significantly higher than during matched-intensity exercise. Christensen et
al. (2018) reported that trained dancers, compared to non-dancer controls, show higher interoceptive
accuracy, as measured by an increased performance during the heartbeat perception task.
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Interoception, the perception of afferent signals from internal organs (e.g., heart, digestive system),
is crucially involved in self-awareness of bodily cues, which is necessary for both the experience of
emotion and the verbal ability to self-report emotional experience (Barrett et al, 2004). Thus, dance
practice may increase both interception, the experience of emotions, and the ability to report them.
Out of all the PANAS-X measures, only GPA showed a trend toward significance since general
positive affect includes a range of pleasant states (active, alert, attentive, enthusiastic, excited,
inspired, interested, proud, strong, determined) that may parallel the affective experience of the
dance participants. It is possible that interoceptive information is perceived as pleasant during dance
because of the association of bodily cues to a context that reinforces self-efficacy and beauty. It is
also possible, that these pleasant feelings could be affected by the release of biochemical mediators,
such as endorphins, as it has been suggested as a result of exposure to music (Boso et al., 2006),
synchronicity with others during dance (Tarr et al., 2015), and creative experience (Dunphy et al.,
2019). Since self-reported questionnaires are typically administered to larger groups of subjects
(Demetriou et al., 2015), future studies should compare affective changes following these two
interventions in a larger sample to increase statistical power to examine this trend.
In Koch et al. (2016) participants’ well-being, measured by the “Heidelberg State Inventory” and
including tension, anxiety, coping, positive affect, depressed affect, and vitality, was found to be
significantly higher after an Argentine tango intervention in a group of 34 patients with PD. In this
study, the researchers reported increased well-being, body self-efficacy, and experience of beauty
after a single tango class for people with PD. However, the study did not include a control condition
but only a pre-post assessment of the dance intervention. In our sample, we were able to compare a
single Dance for PD class and a matched-intensity exercise session using the same people with PD,
finding significant differences in both body self-efficacy and beauty subscale (Figure 5.5) between
these two conditions. The embodied aesthetics model by Koch (2017) suggests that the experience
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of producing beautiful movements (in a subjective sense) is foundational to body self-efficacy, the
belief in one’s own bodily abilities. Further, movements that are performed and perceived as
beautiful are also accompanied by an affective value, by the participant “feeling lovely” (Houston,
2015) and open to “being moved” by the other (Fuchs and Koch, 2014). This study compared Dance
for PD classes, including music, metaphorical language, and a social reinforced reality of grace,
with matched-intensity exercise sessions lacking these dance elements. These factors may be
responsible for enhancing the beliefs of what the body is capable of (body self-efficacy), and the
affective value of the movement practice. In the OPTIMAL theory of motor learning (Lewthwaite
and Wulf, 2017), both motivational and attentional mechanisms are considered central to enhancing
motor performance. Motivational mechanisms include positive affect and self-efficacy, which are
implicated in enhancing expectations for future, rewarding experiences paired with movement
practice (Lewthwaite and Wulf, 2017). These enhanced expectations support the focus on the task or
goal, thus improve motor performance.
5.4.4. Gait Symmetry and Dual Task Performance
The role of dance practice in reducing PD motor symptoms has been previously reviewed (Carvalho
Aguiar et al., 2016; Sharp and Hewitt, 2014) showing the beneficial effects of dance on motor
symptoms (UPDRS 3), balance (Berg balance scale), and walking velocity (6-minute walking test).
Hashimoto at al. (2015) reported effects on both motor (Berg balance scale, Timed-Up-and-Go test)
and cognitive functions (Frontal Assessment Battery, Mental Rotation Task). Decline in motor
performance and cognitive impairment have the greatest influence on the quality of life of people
with PD (Shrag et al., 2000).
In our sample, two subjects reported considerable issues with gait, falls and freezing, while two
subjects scored between 24 and 25 (cutoff point) on the Montreal Cognitive Assessment (MoCA)
(Table 5.3). Gait performance over the 6-minute walking test was analyzed through a portable
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system for functional assessment of movement (GWALK). The symmetry index (Figure 5.6),
providing a comparison of the anteroposterior acceleration between the right and left gait cycles,
revealed significant differences between the Dance for PD and matched-intensity exercise
interventions. After dance, participants showed a significantly higher symmetry of gait than after
exercise. Importantly, Yogev et al. (2007) reported that, differently from healthy older adults, PD
patients rely on attention and cognitive resources to maintain a bilaterally coordinated gait, and
individuals who are more prone to falling score lower on executive function tasks and attention
indexes. Importantly, gait symmetry has been related to freezing of gait and fear of falling (Frazzitta
et al., 2013), which is an essential factor in determining balance, posture, and functional mobility
(Franchignoni et al., 2015). Reduced attention has been linked to increased fall frequency in PD
(Allcock et al., 2008). These studies stress the importance of gait symmetry in the control of
balance, and its relationship to attention and fall risk.
When testing patients during simultaneous motor and cognitive tasks, Rochester et al. (2004)
reported a decrease in gait velocity compared to the single (motor) task condition in subjects with
PD more than controls. The study interpreted this evidence as a result of the competition for
attentional resources, particularly when cognitive resources were limited, as in patients with PD
presenting executive dysfunction or mild cognitive impairment. Dual task performance can be
achieved by constantly shifting or dividing attention between two tasks (Rochester et al., 2004).
Difficulty maintaining the motor performance may be due to the allocation of attentional resources
toward the cognitive task, thus decreasing one’s attention to gait. Subjects with PD have increased
demands to cognitively attend to movements like walking that were previously automatic
(Rochester et al., 2004). Importantly, the current study reports an improvement in gait performance
during a cognitive task (reduction in dual task cost) significantly higher after Dance for PD than
after matched-intensity exercise (Figure 5.7). In line with this finding, a recent review on the effects
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of dance in PD (Kalyani et al., 2019) highlighted the improvements in gait velocity during cognitive
dual tasks following dance interventions, pointing out the lack of controls among the existing
studies. The present research constitutes the first evidence that the enhanced dual task performance
after Dance for PD was significantly different than after matched-intensity exercise (Figure 5.7) in a
sample of subjects that completed both tasks (Dance and matched-intensity exercise). The decrease
in dual task cost may be explained with more efficient divided attention processes. However, it is
also possible that after dance (but not after matched-intensity exercise) the need to cognitively
attend to walking was reduced by increased gait automaticity, so that attentional resources could be
allocated to the cognitive task with a smaller impact on gait performance. Automaticity could have
been enhanced by an external focus of attention, an idea known as the “constrained action
hypothesis” (Wulf et al., 2001; Kal et al., 2013), employed for the reduction of cognitive
interference in athletic performance. Maintaining an external focus of attention, like a target or an
image, has been shown to be an effective strategy in improving postural control in patients with PD
(Wulf et al., 2009; Jazaeri et al., 2018), however no data has been reported on the effects of an
external focus on dual task or gait performance. In dance practice, the use of metaphors may serve
the purpose of directing attention externally to produce a movement through the use of imagery
(Guss-West and Wulf, 2016; Lewthwaite and Wulf, 2017). Whether such images could provide a
source of external focus to patients with PD, enhancing movement automaticity, needs to be further
investigated. Future studies should explore the relationship between gait automaticity and external
attentional focus in PD. Finally, the Timed-Up-and-Go test with the additional cognitive task is
considered a valid tool to identify fall risk in people with PD (Vance et al., 2015), thus the present
finding of a decrease dual task cost after Dance for PD has important implications on the fall risk,
mobility and autonomy of the participants overtime.
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5.4.5. Study Limitations
Limitations of this study must be acknowledged. Although our study was a within-subjects design,
this research involved a small sample of subjects with PD, a self-selected group who takes part in
Dance for PD classes and who volunteered to participate in this study. The study sample was
heterogeneous, so the ability to generalize to the population as a whole is limited. Also, intervention
strategies may apply differently to specific subgroups, thus it may be important for future study to
expand the sample size, as well as potentially identify subgroups to differentiate most effective
approaches.
5.5.

Conclusion and Significance

Existing literature reports the effects of dance interventions on Parkinson’s symptoms often in the
absence of appropriate controls. This study explores the hypothesis that dance, compared to an
exercise intervention of matched intensity, may yield different outcomes because of its
physiological, affective, self-efficacy, and motor effects. Using the same patients as their own
controls with physiological measures, we compared a Dance for Parkinson’s class with a matchedintensity exercise session, lacking dance elements like music, metaphorical language, and social
reality of grace and beauty. In this way, we show that dance yields different outcomes through the
modulation of motivational and attentional mechanisms, which influence affective responses, body
self-efficacy, and gait performance. The interplay between the experience of beauty, physiological
changes, psychological and motor outcomes reveals some of the fundamental therapeutic
mechanisms of dance as a healing movement art and its significance in improving the lives of those
living with Parkinson’s.
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In line with the growing body of literature on the neuroprotective mechanisms investigated in
physical exercise for people with PD (Johansson et al., 2020), Chapters 2 and 3 reported two studies
that linked previous findings in animals to neuroplastic outcomes in humans. In particular, Wang at
al. (2011) had found that a five-day course of 5Hz of repetitive transcranial magnetic stimulation
(rTMS), a treatment designed to enhance cortical plasticity, applied to both humans and animals,
upregulated the brain-derived neurotrophic factor (BDNF)-tyrosine kinase B (TrkB) receptor in the
cortex (animals) and in peripheral lymphocytes (both human and animals) (Wang et al., 2011).
BDNF is considered a potential therapeutic agent in PD because of its effects on neuroprotection,
neurogeneration and - importantly - neuroplasticity (Palasz et al., 2020).
Since neuroplasticity is altered in patients with PD (Ueki et al., 2006), we investigated whether this
plasticity-enhancing 5Hz-rTMS protocol could restore the retention of a newly learned motor skill
in these patients (Moisello et al., 2015), which had been previously shown to be impaired (Marinelli
et al., 2009). Our results showed that 5Hz-rTMS applied over the right posterior parietal cortex after
the acquisition of a motor skill could enhance skill retention in PD (Moisello et al., 2015).
Since a more general improvement in plasticity might be obtained by aerobic exercise, as suggested
by studies in animal models of PD (Petzinger et al., 2013), we continued investigating the
expression of the TrkB receptor in peripheral lymphocytes of patients with PD undergoing a 4-week
multidisciplinary intensive rehabilitation treatment (MIRT), including daily aerobic exercise,
physical and occupational therapy (Fontanesi et al., 2015). We reported increases in BDNF-TrkB
signaling in peripheral lymphocytes at receptor, intracellular mediators and downstream levels. The
increments were significantly correlated with the functional improvement following MIRT,
documented by the total scores of the Unified Parkinson’s Disease Rating Scale (UPDRS)
(Fontanesi et al., 2015).
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Importantly, Marchesi et al. (2019) investigated the effects of the same rehabilitative intervention
(MIRT) on the retention of motor skills in patients with PD, which we had successfully shown could
be enhanced by a 5Hz-rTMS protocol (Moisello et al., 2015). The study showed that MIRT, like
5Hz-rTMS, could lead to improvement in retention of the newly learned motor skill (Marchesi et al.,
2019). This evidence suggests that an exercise-based rehabilitative intervention, such as MIRT, can
enhance plasticity in patients with PD, as demonstrated by both behavioral outcomes (improvement
in motor skill retention) and molecular changes (increases in BDNF-TrkB signaling in peripheral
lymphocytes). These results parallel those obtained with a 5Hz-rTMS protocol in patients with PD.
However, Marchesi et al. (2019) reported that MIRT, but not the 5Hz-rTMS protocol, also increased
modulation of beta oscillatory activity (15-30 Hz) over the contralateral sensorimotor area of the
limb being trained during the learning task, measured by high density EEG recording. Modulation
of beta power over sensory-motor areas during motor training had been previously described
(Nelson et al., 2017) as a practice-related modification that was present in normal subjects but not in
patients with PD, thus interpreted as an expression of potentiation, i.e. plasticity, mechanisms
(Nelson et al., 2017). Overall this evidence shows that MIRT generates more extensive effects,
which include increased modulation of beta oscillatory activity, than a 5Hz-rTMS protocol in
patients with PD (Marchesi et al., 2019). Thus, a movement-based rehabilitative intervention
(MIRT) previously implicated in interfering with the progression of PD motor symptoms (Frazzitta
et al., 2015b) is also shown to be an effective tool to increasing neuroplasticity in this population
(Marchesi et al., 2019).
Neuroplasticity is a property of the nervous system to adapt in response to stimuli and it is necessary
for development, learning, and behavioral modifications (Pascual-Leone et al., 2005). The central
rehabilitation question is how to structure an input that, depending on plasticity mechanisms, is
capable to generate the desired changes, whether aimed toward a restitution of neural function
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(impairment-based interventions) or aimed toward activities or behaviors, thus associated with
neural reorganization (behavior-based interventions) (Raskin, 2011). In PD, an example of
impairment-oriented therapy may be an intervention that aims toward a restitution of automaticity,
impaired in these patients (Petzinger et al., 2013). Conversely, an example of behavior-oriented
therapy may be the specific gait training for PD which employs external cues or cognitive strategies,
bypassing basal ganglia control (van Wegen et al., 2006; Lohnes and Earhart, 2011; Mak and HuiChan, 2013; Rocha et al., 2014). In Chapter 4, I argued that dance programs for PD challenge
participants to engage in both internally guided (IG) movements, which may rely on both
automaticity and cognitive strategies, and externally guided (EG) movements, which focus on
external cues of different type (visual, auditory, haptic, etc.) (Barnstaple et al., 2019). Importantly,
cognitive strategies employed to generate internally guided movements may be seen as
complimentary or compensatory depending on the role attributed to automaticity and its the
interplay with cognitive control (Toner et al., 2015). When facing complex and difficult
performance conditions, as in coping with a movement disorder, cognitive control and attention may
support the necessary modulation of a previously automatic movement in order to adapt to different
circumstances (Toner et al., 2015). Evidence in rehabilitation for Parkinson’s supports the role of
cognitive engagement in motor performance (Ferrazzoli et al. 2017, 2020), which in dance I argue
may rely on enhanced activation of the central executive network (CEN) in presence of salient
stimuli that include aesthetic and affective experiences (Barnstaple et al., 2019). Considering what is
involved in the practice of dance, it becomes apparent that it is a highly complex activity, involving
motion, cognition, affect, motivation, and attention.
People with PD cope with a life that has been overturned by a diagnosis, resulting in loss of
autonomy and social stigma, as well as worry, resignation or denial of the future (Maffoni et al.,
2017, 2019). Perceived efficacy, functionality, and autonomy are determining factors in motivating
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patients with PD to initiate and continue rehabilitation (Giardini et al, 2017). In Chapter 5, I
discussed how dance may enhance positive affect, self-efficacy, experience of beauty, and motor
performance. In 1822, the French author Stendhal wrote “Beauty is nothing other than the promise
of happiness.” The theory of constructed emotion (Barrett, 2017), defines happiness, like all other
emotions, as a construct that contains elements of perception and experience, the collection of
instances of this specific emotion through life (Barrett, 2017). Proprioception and interoception, the
sensation of our bodies in space and of our internal organs and tissues, are the origin of these
affective experiences, bodily information that the brain receives, interprets, and makes meaning out
of (Barrett, 2016; Gail Montero, 2016). Positive affect, a general sense of feeling pleasant (called
valence), includes happiness and enthusiasm, as well as feeling inspired, proud, determined, and
strong. Importantly, a dominant focus in rehabilitation is the concept of restitution (functional
restoration), which indirectly implies that in having PD there is something wrong or lacking
(Houston, 2015). In Dance for PD, thoughts involving distress and worry, may at times be
“blissfully absent” (Gail Montero, 2016), distancing the person with PD from a perception of
disability while reclaiming a sense of personhood and agency (Houston, 2015). Repositioning the
person with PD in a process in which a dance of beauty (thus, a promise of happiness) is the goal,
allows for a pleasurable experience of the body in motion (Gail Montero, 2016), inherently lifeproclaiming (Sheets-Johnstone, 2010), reframing of identity and affirming of humanity (Houston,
2015). I argue this process of perspective-transformation not only to be relevant to psychological
wellbeing, but also to have important functional implications. Improvement in the motor
performance showed by patients with PD after dance practice (gait symmetry, dual task
performance), may result from decreased cognitive interference (diagnosis-related negative selftalk), increased attentional resources available to engage in motor performance (Ferrazzoli et al.,
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2018, 2020), as well as increased ability to focus attention externally to enhance movement
automatization when needed (Kalet al., 2013).
The creative environment of a dance intervention offers participants numerous ways of achieving
performance goals, producing novel strategies for movement and cultivating an atmosphere of
exploration which is empowering and supportive. Dance programs challenge participants to attempt
both unfamiliar and rehearsed movement combinations, hold multiple tasks in their memory, and
attend to multisensory cues, all while aiming for an aesthetic output. Our findings suggest that there
are many more potential mechanisms to explore; I hope more researchers from diverse fields,
including neurology, rehabilitation, sport psychology, philosophy, and performing arts, will consider
applying their expertise in this exciting area of study.
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